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SUMMARY
The validity of the concept of R value or ratio x ; z for ions
Z mm
of the type H^X^O has been investigated through examination of seven
model acid systems. The R value is found to be an accurate reflection of
a single ionic species present in solution, and to indicate changes from 
one species to another as the predominant one in solution. In the regions 
of pH where two or more ionic species are in equilibrium, differences are 
found between the ratio of species in the resin and in solution. Such 
differences are usually marginal and in no way invalidate the R value 
technique. However, they impose a limitation on the technique in that the 
pH - R value curve is not the same as the one calculated from the species 
present in solution at a given pH value, but is displaced somewhat, usually 
towards a lower pH.
This discrepancy at the point where the value of R changes is due 
mainly to the selectivity of the resin, which usually shows a preference 
for the ionic species of higher charge. Barrer’s statistical thermodynamic 
approach to selectivity is extended to accommodate divalent species. The 
data relating R value to pH are expressed as ion-exchange isotherms, and the 
theoretical equation expressing selectivity is then ‘fitted* to the experi­
mental isotherms. The theoretical equation is based on the premise that 
the relative interaction energies of pairs of neighbouring ion types within 
the resin is the major operative factor in anion selectivity. Because of
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the approximate nature of the model used it cannot be expected to provide a 
complete explanation of the phenomenon of selectivity, but the correlation 
between theoretical and practical curves is remarkably good. It is also 
found that the capacity and concentration of the external solution of the 
resin produces changes in the selectivity in accordance with the predicted 
trend. Although not included in the theoretical treatment, the effect of 
variation of water-regain is also examined.
The iodic acid system, originally included for study as a model of a 
simple condensation process,was found to contain only monomeric species at 
the concentrations studied. Several techniques other than ion exchange 
were used in confirmation of this observation.
This work is described separately in Appendix 2.
The work described in this thesis was carried out in the Chemistzy 
Department, Battersea College of Technology, under the supervision of 
the Head of Department, Dr. J. E. Salmon. To him and also to Dr. J. P. 
Redfern, a Senior Lecturer of the Department, sincere thanks are due 
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S E C T I O N  1
HISTORY
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1;1 History of the R value work
The concept of the R value in ion-exchange work was proposed by 
Everest and Salmon [l] in 1954# In the course of their work on complex 
germanium oxy-anions, they sought to follow the system by examination of the 
number of central atoms per unit charge. Previous T^orkers have usually 
followed this function by pH measurements [2,3]> since the condensation 
process usually involves a change in hydrogen content, or by e.m.f. measure­
ments [4], since if the total hydrogen and central atom concentration is 
known, the average hydrogen consumed per central atom can be calculated.
Ion exchange offered a more direct method of measuring this function, and 
since this approach had not been investigated before, Everest and Salmon 
re-defined the function with reference to ion exchange. This function was 
termed the R value and was defined as the ratio of x : z for an anion such 
as H^ X.^ 0 . If such an ion is exchanged on a resin in a suitable reference
form such as chloride, then there is an equivalent release of this reference 
ion into solution i
w x y w x y
If the uptake of the anion is determined in terms of gram atoms of the
central atom, R can be expressed as
Uptake of central atom (g.atoms)
^ ~ Release of reference ion (g.atoms)
If the resin is treated in a column, so that the equilibrium is displaced
to the right :
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zCl + H X 0w x y
R becomes
Uptake of central atom (g.atoms)
R Capacity of the resin sample (g.atoms) 
It was hoped that the values of R obtained from resins treated with 
unknown electrolytes would reflect the composition of these electrolytes, 
and that protonation or condensation reactions could be followed :
It is evident, however, that since the R value is only a ratio, e.g. in the
cannot yield the full composition of the ion unless either the ionic charge 
or the number of central atoms is known.
alkaline solutions. This is reflected in a fallcf the R value. Later [5], 
they showed that the main species on the acid side was a monogermanate.
Using a resin of higher water-regain the presence of a heptagermanate was 
also shown [5al*
Everest and Popiel [6] showed that in the borate system the condensa­
tion increases with the concentration and acidity. They showed that in 
0.6M solutions at pH 6, the pentaborate, HB^O^ was predominant, and at lower
e.g. HCr207~ ^  Cr£0 2~ #  Cr0^2“ ^  HCrO^'
2-  -equilibrium above both C^O-, and HCrO^ have an R value of unity, it
Using this technique, Everest and Salmon showed that in slightly
2-
alkaline germanic acid solutions the predominant species was
(R = 2.5) and that depolymerisation of the acid occurs in more acid or
2-
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Use of the technique was extended in work on the arsenious acid
system [7] where the same workers having found an R value of 2,8 at pH 5
proposed the presence of a mixture of two condensed species, namely As^O^
(R = 3) and As^O^ (R = l). As the pH increased to 9* the R value fell
to unity, and on raising the pH above 11, the R value was reduced even
2**further. They postulated the ion As^O^ (®- = -0 to exist between pH 9 ~
** 2—11, and above pH 11 the monoarsenites HoAs0_ (R = l) and HAsO, (R = 0,5).
k 5 ->
This was followed by their work on tellurates in which they were 
able to follow the reaction :
RTe. 0., ~ Te.O 2~ Te.,0 2“ HcTeO^“ H, Teo/~
4 13 " 4 13 3 10 ^ 5 o  ^ 4 o
R = 4 R — 2 R = 1.5 R = 1 R = 0.5
More complex systems were examined by Salmon and co-workers [9*10, 48] 
Russell and Salmon [ 9] investigated the vanadate system, and postulated the
existence of ^  ^2V10°28^ ^  = 2*3  ^at pH 2 - 3*5;
HVg0173" (H = 2) at pH U-.5 ~ 6.0; H V ^ g 3- (R = 1.33) at pH 6.5; 3"
(R = l) at pH 7, and HV^O 3 (R = 0.66) at pH 10. These workers also 
studied the phosphovanadates [9a], Cooper and Salmon [10] examined the 
molybdate system, and suggested that the species present in solution below
pH 1 were Mo^O^2 (R = 2) and ^ M o^qO ^ 2 ^  ^ whilst at pH 7 the
2—simple species MoO^ (p - 0,5) was predominant. Work on the tungstate 
system by McPartlin [48] has provided evidence for ^^12^40^ s 3) at 
pH 2.0; H^ W ^ O ^ 3- (R = 5.3) at pH 6.8 - 7.8; and W0^2“ (R = 0.5) at pH 8.
TTT
As can be seen from the preceding survey, the R value technique has 
been applied to complex systems in which the species postulated as a result 
of studies using a variety of experimental techniques are both diverse and 
contradictory. It therefore seemed necessary to apply the R value approach 
to a system, the species of which had been already established by well de­
fined classical methods. Such systems would afford evidence for the range 
and limitations, and even the validity of the technique, which would be 
useful in experimental design of the study of more complex systems. The 
main part of this present work has been directed to meeting the point that 
experimental clarification was required of the implicit assumption that a 
change of R value of the species sorbed, provided a reliable indication 
of a change in the species that was present in solution.
Since the R value technique may involve the simultaneous sorption of 
different ionic species, it is feasible to expect that selectivity will be 
an important factor contributing to any limitations of the technique. It 
is evident that if the resin is highly selective for one of the two species 
existing simultaneously in solution, then the derived R value will reflect 
a disproportionate amount of that ion, perhaps in the limit even entirely 
excluding evidence of the other ion. It was therefore necessary to enquire 
into the nature of the resin selectivity, particularly with reference to 
that pertaining to anion exchange. The following survey on selectivity 
shows the varied approaches to the problem, and it can be seen that the
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problem of anion selectivity is far from solved. It was decided, therefore, 
to attempt to contribute to this field and in doing so to clarify the problem 
as it appears in the R value technique,
1:3 Historical Account of various resin selectivity theories
In any ion exchange work in which different ionic species are competing 
for the resin sites, the problem of resin preference for one or other of the 
ionic types very soon becomes apparent. In R value studies in the pH range 
where the R value is changing, there is, in effect, a competition for the 
resin sites by the two species which are involved and here the selective 
properties of the resin must be considered.
The preference of a resin for one ion over another has been defined 
in many ways including (l) the ion-exchange isotherm, (2) the separation 
factor, (3) selectivity coefficients or distribution coefficients, and (4) the 
thermodynamic equilibrium constant of the exchange reaction. Other defini­
tions of selectivity exist but are not considered in the present context.
The ion-exchange isotherm, which is used extensively in this present 
work,is a graphical expression in which the equivalent ionic fraction x^ of 
the counter ion of type A in the resin, is plotted against the equivalent 
ionic fraction x^ in the solution, all other variables being held constant. 
If desired, the concentration variable can be added as a third axis.
The equivalent ionic fraction is defined by
-13-
ZAmA
XA
In the ideal (non-selective) system, the isotherm is linear according to 
the relation In actual isotherms the relationship is curved and
reflects the ion preference.
(2) The separation factor
AThe separation factor cl. can be taken directly from the isotherms■B
and is defined by
A V B
B XA
It has the advantage that as a dimensionless quantity it is not affected by 
choice of concentration units. Its value, however, depends on the equiva­
lent ionic fraction*
(3) Selectivity Coefficients
The selectivity coefficient which is often used in theoretical work 
is defined by
- I,3I |za !
mA “B
IzbI- !zaI
mA ”B
where m. and z^ are the molality and charge of species i is therefore
the molal selectivity coefficient. By substitution of molarities or
/ A \equivalent ionic fractions for molalities, one arrives at the molar (K* )
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and rational selectivity coefficients (^K^) respectively. These three
definitions are only equal when the charges of the exchanging ions are equal*
where A & °  is the standard free energy change of the exchange. This 
definition provides a true constant, not varying with experimental conditions 
other than temperature. In consequence, it fails to provide the exact ion 
distribution for a given set of conditions.
Causes of Selectivity
When a resin is introduced into an electrolyte, the counter ion con­
centration is generally larger in the resin than in solution. As can be 
seen from the follo?/ing discussion the situation is reversed with respect 
to the co—ion concentrations. The process of diffusion causes some co—ions 
to penetrate the resin, and at the same time some counter-ions to migrate 
into solution. This ion movement causes an electric potential difference 
between resin and solution which resists further ion movement. This 
potential between the two phases is the so-called Donnan-potential. It 
follows that this is the factor responsible for the repulsion of co-ions 
whilst counter—ions move freely between the two phases. Such co—ion re­
pulsion is known as Donnan exclusion. It can be seen that the greater the 
Donnan potential the greater is the exclusion. Donnan [11] himself
(4) Thermodynamic Equilibrium Constant
The thermodynamic equilibrium constant is defined by :
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applied the concept originally to membrane equilibria. Mattson [ 12] in 
1929 was first to utilise the concept to ion exchange but it was not until 
twenty years later [13,14,15,16] that it was universally accepted.
The Donnan potential attracts counter-ions into the exchanger and the 
attraction is proportional to the ionic charge. In consequence, in the 
absence of specific interactions to be described later, the resin prefers 
the ion of higher valence. Moreover, the greater the concentration differ­
ence between solution and resin phases, the greater is the Donnan potential
is shown
and thus increased preference/for the ion of higher valence. The Donnan 
concept, therefore, implies that the preference for a particular ion should 
increase with the valency of that ion, with the dilution of the solution, 
and with the capacity of the resin.
Another contributory factor in resin selectivity is the effect of 
ionic solvation. The uptake of a large solvated ion causes stronger 
swelling and higher swelling pressures than a small one. The resin matrix 
in the swollen form is stretched and, due to its elastic nature, tends to 
contract. This is made possible by the uptake of a smaller or less solvated 
ion. Since this factor springs from the elasticity of the resin, it is, 
therefore, more pronounced in resins where the matrix is under greater 
strain. In consequence, the selectivity of the smaller species should 
increase with dilution of the solution, with decreasing equivalent ionic 
fraction of the smaller ion and with increasing degree of cross-linking 
(or decreasing water-regain). The water-regain of a resin is an alternative
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to % DoYoB. as a function reflecting the pore size. Its use is preferred 
in anion-exchange work where there is an unknown degree of further cross- 
linking taking place during the chloromethylation stage of anion-exchange 
resin manufacture. The water-regain is defined as the weight of water 
absorbed per gram of dry resin in a specified ionic form.
These predictions are generally found to be true where the ions 
studied are of a relatively simple nature [17,18], although exchange of 
hydrogen for alkali ions causes a selectivity reversal which is as yet 
inexplicable [19]. In general larger more complex counter-ions do not 
follow the expected trend. This is most pronounced with anions where the 
hydration is generally weaker, and the ions themselves are more polarisable. 
It is obvious that, in these cases, the ionic solvation and swelling 
factors are outweighed by larger specific interactions.
Of all the specific interactions that of ion-pair formation within 
the resin is the most important. It is clear that if a system of two 
ionic types is in equilibrium with a resin, then if the resin sequesters 
one type, the equilibrium is disturbed and more of that ion is caused to 
enter the resin. Similar disturbances in equilibrium are seen when one 
of the products are removed by precipitation. Therefore the resin prefers 
the ion vfhich forms a stronger ion-pair with the fixed ionic groups of the 
resin. Such interactions are well illustrated in the carboxylic acid resins 
which are strongly selective for the alkaline earth ions. Here the fixed 
ionic groups are similar in structure to the precipitating agents which
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react with alkaline earths, e.g. sodium oleate, which is essentially a
-| |
carboxyl group attached to a large organic structure, precipitates Ca 
and Mg from a solution as calcium and magnesium oleates. Further 
examples are found in the high preference of quarternary-ammonium resins 
for perrhenate and chloroplatinate. The quarternary-ammonium salts of 
these complexes are only slightly soluble. Indeed, such is the evidence 
for ion-pair formation, that special resins highly selective for a specific 
ion have been successfully designed and prepared. Such a case is a resin 
prepared by Skogseid [20] which contains groups resembling dipicrylamine 
(a precipitating reagent for potassium), and is highly selective for 
potassium.
Whether or not there is actual chemical bond formation during ion-
pairing is a matter of conjecture. In many cases it may in fact be just
a strong electrostatic attraction. This would lead to a preference for
the ion of higher valence, and of smaller size. It is important to
notice that for ions of the same charge and size it vrould prefer the more
polarisable of the two. Such an example is found in the preference of
*i* +sulphonic acid resins for the more polarisable T1 and Ag ions over the 
alkali metal ions. Thus Y/hether bond formation or merely electrostatic 
attraction is present, the effect is the same in so far as the counter-ion 
is localised near a fixed ionic group within the resin.
Another interaction is that arising from London forces. In this 
interaction the resin is selective for an ion which has a chemical configura­
tion similar to the resin matrix. Thus a styrene-type exchanger sorbs
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aromatic ions in preference to comparable aliphatic ones. This factor, 
however, is of little importance in inorganic exchanges.
In the case of large ions it is necessary to consider the purely 
mechanical sieve action of the matrix as an additional factor. Since normal 
resins have been estimated to have an effective pore size between 6 - 30A [78] 
such limitations apply only to extremely large ions.
Quantitative Approaches to Selectivity
Vanselow [41] was the first to attempt an expression of ion-exchange 
equilibria in quantitative terms. His approach was followed by Kielland [21] 
who based his derivation on the assumption that a solid solution existed in 
the exchanger which was composed of HA and RB. By use of the mass action 
law, in conjunction with the rational activity coefficients of the solid, he 
obtained an expression :
lnK^ = + c(Ka2 - Ng2) + In
where { ^  = activity coefficient of species i in solution.
= mole fraction of component iR in solid.
= selectivity coefficient.
A
= rational selectivity coefficient.
Such an expression qualitatively describes the exchange of cations in the 
early zeolites.
Another simple approach is that of applying the Donnan concept to the 
model of an elastic matrix. The final relation is :
1a
r B
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where z .1 the charge of species i.
v.x
77*
the partial molar volume of species i.
the swelling pressure.
the molal selectivity coefficient.
The expression as applied to ion exchange resins has evolved in 
several stages. In 1947, Bauman and Eichorn [ 13] proposed that only the 
first two terms were responsible for selectivity,whilst G-iegor [ 17] based selec­
tivity entirely on the swelling pressure term. It soon became apparent 
that all three terms were required, as described by Donnan in 1934.
It is merely the quantitative expression of the Donnan concept which 
was discussed qualitatively in the preceding sub-section. It is unfortunate 
that the activity coefficients in the resin include specific interactions, 
but this is the inevitable outcome of the fact that an activity coefficient 
is the factor which includes all effects not included in the model. These 
activity coefficients are difficult to measure experimentally and indeed 
are determined from examination of the same equilibria.
In the expression as stated above, the swelling pressure term is very 
small, but if the system is defined in terms of solvated components [17], 
the swelling pressure term becomes appreciable. Such a theory is able to 
predict trends, but cannot provide quantitative agreement with experimental 
data [40] •
-20-
A third simple approach was made by Pauley [22] who chose the electro­
static attraction as the essential feature governing ion exchange. Ho .con­
sidered the relative attractions between the fixed ionic groups and the two 
competing ions. The C ouLomb law was applied to these attractions, and 
integration yielded the free energy change accompanying each process. The
difference in these two energy changes was the overall energy change :
= A  (tr - t r
D (a A a B
\
where D ' = dielectric constant,
e = electronic charge.
a°^ =- the distance of closest approach between species i and the 
fixed ionic group.
It followed directly from this expression that :
K =-L O - $
H D  v » A
No correction for other effects was made. It predicted that a
counter-ion with a smaller distance of closest approach is preferred, and
that for a given reference ion, a linear relationship between In and
~  should exist. This has indeed been shown to be true for a few systems 
i
[23,24], but in general the simplicity of the model makes it incompatible 
with most data.
The abstract thermodynamic approach has been applied by many workers,
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but the most detailed treatment was effected by G-aines and Thomas [24]*
The exchange reactions were treated as being heterogeneous, the components 
being electrolytes, the resinates and the solvent. The thermodynamic 
equilibrium constant was derived from a knowledge of the variation of the 
selectivity coefficients under various conditions. It was essential to 
define the functions used in a precise manner when considering a change in 
solvent content.
Such a treatment makes no assumptions or approximations, and there­
fore in one respect is supreme, but, in interpretation, however, it has 
the disadvantage that a physical concept of the process is impossible. 
Moreover, since it requires that a number of equilibrium experiments be 
carried out before the thermodynamic equilibrium constant is calculated, it 
is impossible ’a priori1 to predict the value. Further, the dependence 
of selectivity on ionic fraction or concentration cannot be predicted.
For these reasons it is generally accepted that a less exact approach, which 
is based on a model, contributes more to the elucidation of ion exchange
mechanisms than a more exact theoretical treatment.
statistical
Jenrry [25], in 1932, was first to apply/thermodynamics to the problem 
in his study of colloidal alumino silicate s. Since that time many workers 
have used Jenny’s model as a basis for further work. The counter—ions 
situated in the diffuse double layer surrounding the colloid are closely 
associated with the exchange sites and are free to move within a certain 
volume, which is defined by the ion itself and its interactions vri-th the
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colloid, The derivation proceeds by calculating the probability that a 
competing ion will penetrate this volume, Davis [26,27] applied the same 
monomolecular layer theory to this concept and obtained an expression for 
the selectivity coefficient (corrected) which was constant for ions of 
equal valence, but varied with ionic fraction if the counter-ions were of 
different valences :
1 zb! Iza*
1“ PA *B = lrfC + ( fa-l - jz | ) In (g.^ + g ^ )
Pa! „ !zb!
nB A
2 - 2 }z.[ + 2
where ^
n^ = number of sorbed ions of species i,
= charge of species i.
K = constant
z = co-ordination number of the lattice.
In the derivation of the expression only two dimensional adsorption
is considered with the result that it is not strictly applicable to resin 
exchangers. It does, however, satisfy the ion-exchange behaviour of 
colloids in soil [39] where the main exchange is of a two-dimensional nature,
Sakai [29] has extended the approach still further and his results 
appear to be concordant with some ion exchange in gels. It is interesting 
to note that in his modifications he has invoked the concept of an inter­
action energy between neighbouring ions which is characteristic of these ions
Barrer [30] used this idea with considerable success in another 
statistical thermodynamic approach. He based the derivations from ideality 
on the interaction forces existing between adjacent ions on exchange sites, 
the interaction forces being greater for one type of pair of ions than 
another. It followed that the occupancy of a site by a certain ion would 
be energetically less favourable if, in so occupying the site, it created 
a larger interaction force with the neighbouring ions,
Barrer began by setting up the grand partition function of the ex­
changer in general terms, as described by Fowler and Guggenheim [31]* He 
made the assumptions that: (l) the distribution of ions within the exchanger 
was random: (2) the change in energy was additive with respect to the number 
of pair types and independent of whether these pairs were in clusters or 
isolated: (3) there was no change in the partition function of the counter­
ions or the exchanger as exchange proceeded; and (4) the solvent content 
unaltered by exchange.
By differentiation of the grand partition function with respect to 
the number of ions of various types, he arrived at the chemical potentials 
of these types within the exchanger. Knowing the chemical potentials of 
the ionic types in solution in terms of their activities, he was able to 
apply the Gibbs-Duhem equation for the system at equilibrium and arrived 
at the expression :
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where x^ = the ionic fraction of species i.
j±(T) = the partition function of an ion of species i, 
p.0^ = standard chemical potential of an ion of species i„
E^ = the energy of an ion of species i in the exchanger Yri-th
reference to some standard state,
Ik = number of species i in exchanger at equilibrium,
N = total number of exchanger sites,
CO = energy term related to interaction energy of neighbouring ions 
His studies were confined by the limitations of the theory to uni­
univalent exchange only but within this restriction his theory was shown 
to be satisfactory fcr describing the exchange of cations in zeolite systems., 
Barrer also showed that the theory offered an interpretation of Kielland’s 
equation [ 21],
Harris and Rice [32,33] also incorporated the seemingly significant 
factor of interaction of neighbouring ions into their model. In their 
approach the free energy which was to be a minimum at equilibrium,was con­
sidered to be made up of three contributions :
(1) one derived from ion-pair formation, calculated assuming 
’intrinsic binding constants’ for the equilibria, derived empirically;
(2) another derived from configurational changes arising in the 
matrix during exchange, calculated using Flory’s theory of elasticity of 
macromolecular networks [49];
(3) and last being the electrostatic interaction of neighbouring 
ions, calculated using Debye-Huckel theory.
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In their theory, the main contribution is that of ion-pair formation, 
rather than the interaction energy between neighbouring ions. The inter­
action energy only operates indirectly to effect the extent of ion-pair 
formation.
The selectivity coefficient is expressed as :
= Kb r A m  + [ V (N + V I  [ W V b + V  <Ca / CB + ^
1 ♦ [^/(N ♦ r^ )] [ ( V a /K^Cb + D/(Ca /Cb ♦ 1)]
¥/here dissociation constant of the ion-pair iR.
= concentration of species i in solution,
N = total number of exchange sites.
n^ = number of non-paired fixed ionic groups.
The implications of this theory are generally found to be true 
except that the dependence on capacity appears to be reversed [34,35]*
It is only applicable to resins of moderately high degrees of cross-linking. 
It results from the fact that for highly swollen gels, the adjacent matrix 
chains are a great distance apart, and calculation of the electrostatic 
interactions becomes invalid. For such resins Katchalsky’s model [42] 
is more applicable. This approach differed from Rice and Harris's in that 
only the neighbouring ion interactions on each chain are considered and 
interactions between ions on separate chains are not included.
Gregor [36] considered that ion pair formation was the operative
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factor, having found that the swelling pressure effects were not sufficient 
■bo ©acpiain anion exchange selectivity in its entirety. He applied the 
mass action law for homogeneous reactions to ion-pair formation :
A + R « A AR\
B + R --— * BR
(superscripts o denote unassociated ions)
This approach shows that there is a decrease in selectivity with 
increasing equivalent fraction of the preferred ion. In some cases, ho¥/ever? 
the selectivity dependence is in reverse fashion, and to explain such systems 
he invoked the mass action law for heterogeneous reactions, i.e. the ion— 
pairs Yrere considered as a separate phase in equilibrium with the inter­
stitial solution. He considered that the homogeneous reaction approach 
fails in those cases where the neighbouring ion-pairs interact on eachother It 
the. heterogeneous reaction approach, therefore, he assumed cluster formation 
of one or other or both of the ion-pair types. Such an approach shows 
that there is an increase in selectivity with increasing ionic fraction 
of the preferred ion. There is, however, the exception that if both
ionic types form clusters, the selectivity is virtually independent of
m1a V = K
m
AR
AR
v v
^BR
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ionic fraction. His work has involved the study of many uni-univalent 
anion exchange reactions and the results seem to be readily explained by 
this theory. Some criticisms have been levelled at the purely arbitrary 
manner in which one equation is chosen over another. Moreover, there is 
no direct justification for the experimental values given to the ion-pair 
formation constants. Indeed, there is no direct evidence for cluster 
formation*
In conclusion, it appears that the most successful theories are 
those involving neighbouring ion interactions, and ion-pair formation, 
particularly in ion exchange selectivity. It is unfortunate, however, 
that in the few theories which could be applied to anion exchange, the 
derivations are confined to an explanation of exchanges involving uni- 
univalent anions only.
- 28-
S E C T I O N  2
THEORY
-29-
2:1 R value theory
In previous studies, the variation of R value with acidity etc. 
is described on an empirical basis. This was the inevitable outcome of 
the complexity of the systems studied.
If we consider a simple divalent acid system, then providing that the 
external solution has a sufficiently low concentration, an anion-exchange 
resin should sorb only the two anionic species, namely the uni- and divalent 
species of the acid. Undissociated acid should not be sorbed under the 
conditions of the experiment. A predominance of the univalent species 
should prevail in acid solution, and the divalent species in more alkaline 
solution. This means that the R value should change from unity to 0.5 as 
the pH rises:
The point at which the R value changes is obviously related to the second 
dissociation constant of the acid. A strong acid will produce an R value of
0.5 at a lower pH than a weaker acid.
Let us consider the system in greater detail
R = 1.0 R = 0.5
h 2a H+ + HA*
HA
\
The dissociation constants are defined as
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KL =     S-JSi. . . . . (2:1:1)
[H2A]
k  [H*][A2~ ] % f A2-
2  ~
Let us consider that fTT+. = fTT„- = f-
HT HA 1
and fA2- = f2
where f^ is the activity coefficient of species i as expressed approximately 
by the Davies equation [4-3].
Therefore equations (2:l:l) and (2:1:2) become:- 
fH A1 _[H+][HA"]f 2
L V J - ----=--- i- . . . (2:1:3)
„ [HA~]K.
[A ] =   L. . # . (2:1:4)
(H+]f2
If T is the total concentration of the acid system, then :
[H2A] + [HA-] + [A2-] = T . . .  (2:1:5)
. + [HA-] + = T . . .  (2:1:6)
[HA] =--- r ~ T — 2----------K---  -i = 0 ( say) • • (2:1:7)
( + 1 + }  r  
(  h  >
2-  S
and [A ] = —  ----- ( j ) . . .  (2:1:8)
[H+]f2 ;
If it is assumed that the species present are sorbed by the exchanger in the 
same proportions as those in which they occur in solution (i.e. resin selec­
tivity is ignored), then :
nf[HA-] + [A2-]\ = + r2[A2'] . . . (2:1:9)
where R is the overall R value, and r^ is R value of species i.
In this system r^ =1, r = 0.5*
[HA-] + M A 2-]
R =  5--- . . . (2:1:10)
[HA-] + [A2-]
1 + K2/2[H+]f2
1 + K,/[H+]f,
2[H+]f„ + K
=    “ . . . (2:1:11)
2[H Jfg + 2K2
Similarly for a simple tribasic acid the expression for R can be derived, 
In this case the equilibria are
HjA H2A" + H+
-  K2 2-  +H2A HA + H
HA^ A^ + H+ . . .  (Full derivation in
, Appendix 3)
fTT^ 2 K2[H+] K2K5f2
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It can be seen from both of these examples that, as would be expected, 
equilibria which involve non-ionic species have no effect on the expression 
for R.
For systems where condensation occurs, the final expression becomes
more complex. The derivation for the dichromate system for the equilibria
2-  +Cr207 + H
2 7
or Cv^O 1
H C r ^ y V
+ h2o
+ H„0 J t x. 2 V "—
HCrO. ”
4- * '
%
2-
2-
% + H
is as follows ;
[Cr2072-]
[CrO^2-]
[HCi-oy ] f x2
• • •
[H+][Cr 0 2_] [H+][HCrO."]2f 2
[HCr2°7 ] = " - K . 7  = o • •
(2:1:13)
(2:1:14)
(2:1:15)
Now if T is the total concentration of chromium in g atoms
2[Cr2°72_] + 2[HCr20_,"] + [CrO^2-] + [HCrO "] = T. . (2:1:16)
(It is assumed that no undissociated species exist in the region 
examined experimentally).
c.ii.1 jLnoi-u. j x quuiu. j x [HCrO, JKL.
-  —  ±  L  .  _ A  1 + [HCrO, ] + , = T . . (2:1
K2K3 ¥ 2
%
[HCrO^"] =<|) =
„  8Tf [H ] 1 ( 2  .
1 + ^/tHbfg) + i p  ( r  + ?2 j  -(1 + M H ]f2}
k t *  ( [H*] + 1 }
K2 K3
• • • (2:1:18)
If R is the overall R value, and r.^ , z*2, r^ and r^ are the R values of the 
individual species, then :
R^[HCr207_] + [Cr2072l  + [HCrO^-] + [CrO^2-]^
= ri[HCr207“] + r2[Cr2072-] + r^HCrO^-] ■» ' r^CrO^2-] '
= 2[HCr207”] + TCr2072“] + [HCrO^ **] + i[CrO^H2—
[HCr207"] - ^CrO^2"]
[HCr207~] + [Cr20?2“] + [HCrO^ + [CrO^2-]
= 1 + 2[H ]f
[ H * ^  + x + h
k 2k3 IT «£»
V 2 [H^f,
(2:1:19)
Since K ,^ K^ , and are interdependent, similar calculations using
instead of K2 give identical results.
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^2^r2°7 ;v = ” HCr2°7
CrO 2-
4
HCrO
2-
4 sr H2Cr°4
Examination of the expression for R in the case of dibasic acids
shows that if H+ ^  by more than one order, R approaches unity, whilst 
+ /if H by a similar degree, R approaches 0.5.
Similarly for tribasic acids, it is apparent that when H* K2’ R
approaches unity, and when H+ K^, R approaches 0.5, and when
H+ Ky  R approaches 0.33» The values of ^  must, however, be
separated by an order of about 3 in order that a plateau at R = 0.5 may be 
formed over any range of pH.
It was assumed that the species present were sorbed by the exchanger 
in the same proportion as those in which they occur in solution, and so R 
really represents the reciprocal of the average charge per central atom of 
anion in the solution, as well as in the ideal resin. In this respect the 
derivation contains no approximations. It follows, therefore, that the 
deviation of the experimental curve (R vs. pH) from that of the theoretical 
curves described above, is entirely due to resin selectivity.
In order that direct comparison of theory and experiment could be 
made, it was convenient to convert the derived relationship (R vs. H+) into
-35-
practical variables (R vs. pH).
In the dibasic acid systems :- 
2[H+] + K2
2[H+] + 2K2
, / Op _ n
log [H J = log K2 + log I ^
. . pH = pK_ - log I
2.10 2 + iopH
R =
2(lOpK2 + iopH) . . . (2:1:20)
(Activity coefficients are neglected here, since in the curve-fitting 
methods described later, inclusion of activity coefficients would mean the 
invocation of a third variable - ionic strength. Therefore it was found 
more convenient to correct after the fitting procedure.)
Similar considerations of the tribasic acid system lead to :- 
pK + pK_ pK + pH 1 2pH
10 -> + jr.10 ^ + 3.10
R = pK + pK pK + pH 2pH . . .  (2:l:2l)
10 J + 10 ^ +10
2:2 Relationship between R value and equivalent ionic fraction (x. )
Let us consider a solution in which both the anion types A and B are 
co-existing.
If and are the number of millimoles sorbed on the resin, the
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state of condensation, and the charge of species i respectively, and K 
is the capacity of the resin sample (in milliequivalents).
Then :
n.m. + rum-
R =  A A. _ C b _  (1)
K = zAmA + Zb“b •" (2)
From (1) RKzb = Y A  = V b ZB
From (2) KnB = Y mAnB + zBmBnB
zAK(nB " SV
ZA (nB " EV-  _ ZAmA
XA ~ *AmA + Y b " «jftj - V A
(2:2:1)
, " nA )
Xg = (1 - xA) = — — --—  . . . (2:2:2)
V b ~ ZBnA
2:3 Activity coefficients
Throughout this work, the activity coefficients of the ions were de­
rived from the empirical equation due to Davies [43]*
/-ri \
~ log f+ =0.5 z1z2 | — ---x  - C.IJ  . . .  (2:3:1)
where I = ionic strength; C = empirical constant.
This equation was proposed in 1938 and was shown to be applicable 
up to 0.1M solutions at which the uncertainty did not exceed 2/o. In
-37-
the original work, the value of the constant C was 0.20, but recently [4VI* 
due to more accurate data, the value of C has been modified to 0.30. In a. 
comparison of fifty electrolytes at 0.1M, the average deviation was 1.6^ . At 
lower concentrations, the deviation is proportionally less.
One of the factors which governed the range of investigation in the
present work was that this equation is only applicable up to 0,115.
n   2
The ionic strength is defined as ^ ^±z± w i^ere is the
i = 1
concentration of species i. The concentrations were approximately calculated
from a knowledge of the equilibrium constants of the system. The ionic
strength yielded the activity coefficients Y/hich were then used to calculate
the concentration again, but more accurately. Thus in a reiterative manner 
the true values of the activity coefficients were approached.
Selectivity Theo]
It has been shown that Barrer has arrived at a similar conclusion to 
Gregor, though for entirely different conditions, and with a much more 
fundamental approach (see pp. 23 and 23).
He believes that the occupancy of an ion-exchange site affects the 
relative affinity of the adjacent sites for these ions. In systems where no 
phase transition is said to occur, the accommodation of the unfavourable ion 
becomes progressively more difficult as conversion from one form to another 
proceeds. The occupancy of tvio neighbouring sites by two unfavourable ions 
is evidently energetically less likely than occupancy by a favourable pair
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of ions. Where phase transition occurs, occupancy of neighbouring sites 
by like ions is energetically more favoured.
His treatment is based upon statistical, thermodynamics and is confined 
to uni-univalent cation exchange in zeolites. In the present v/ork, his 
theory has been modified to accommodate uni-divalent anion exchange, and has 
been applied to organic ion-exchange resins.
The initial three assumptions are :-
2“ —
(1) Y/hen two entering ions B occupy adjacent positions in the A rich
resin, an additional change in energy of the resin occurs. This change is
-  2-with reference to the energy change associated with A B pairs. The 
energy of an A A pair is neglected.
(2) The change in energy is additive with respect to the number of
2-  2-
B B pairs independently of vdiether these are in clusters or in isolated 
pairs.
—  2-
(3) The distribution of A and B will be assumed random. Of course, 
the existence of neighbouring interactions produces a non-random distribu­
tion, but providing that the interactions are small then the approximation
is satisfactory. As can be seen later, these interactions are indeed very 
small.
The derivation commenced with the general expression for the grand 
partition function of the exchanger as described by Fowler and Guggenheim[31]
-39-
in their considerations of lattice site exchanges.
N. r . \Nt
Q = s(na>nb) /  Ja (T) exp kT f  T j B(T) exp i l l  eXp E*QE . . (2:4:1)
where = number of ions of type A in the resin.
2-
N_ = number of ions of type B . in the resin,
g = statistical weight factor.
j^ (T) = partition function of ion type A in the resin at temperature Te
j (T) = u ” n ” 1 B^ *~ u ” 1 n ”
E^  = energy of ion A in the resin, relative to a suitable reference
state.
t t  t t  n  tt  i t  n
«  n  i i  g  i t  i t  i i
B
2-
E = energy of adjacent pairs of B ions.
Ql = partition function of the resin matrix.it
In order that we may apply this expression to the present system, we 
must evaluate.:
1. The statistical weight factor.
2-
2. The energy between adjacent pairs of B ions.
1. Evaluation of the statistical weight factor g(N^N^)
- 2—We will assume that A ions ere charged points whilst B ions are two
charged points rigidly joined to form a dumb-bell charge. Further let there 
be on average z nearest neighbouring sites around any given site. The 
problem now consists of finding the thermodynamic probability associated with
- 40-
placing Na ions of type A and Ng ions of type B in a structure containing
{T. + 2N ) sites.
A B
2—A particular end of the first B ion can be placed in any of
(N. + 2N ) sites, after which the other end of the ion will have a possibili- 
A B
ties. Hence the first ion will have (N  ^+ as -^s "thermodynamic
2-probability. One end of the second B ion can now take up any of
2—(Na + 2N_ - 2) sites. The other end of the second B ion will not always 
A B
have z choices, but on average will have z^-p^) choices where p^ is the 
probability that the two sites occupied by the first ion coincide with the 
co-ordination sphere of the second end of the second ion. Hence p^ =
2/(Na  + 2Nb - 1).
Hence the average number of sites available for the second end of the 
second ion will be :
2 [l - _
A B
or '<ha  + ' 3)
Now the first end of the third ion will have (N. + 2N - 4-) sites to
A B
fit into, after which its second end can enter any of z(l—p^) sites, where p^ 
is the probability that the first two ions have entered the sphere of influence 
of the third ion, and consequently blocked out part of the neighbouring sites. 
Evidently p^ will equal + 2N^ - l), so the number of sites available
to the second end of the third ion is :
- 4.1-
.(Na + 2Nb - 5) 
(Na + 2Mb - 17
and the thermodynamic probability for the third entering divalent ion is
z(Na + 2Nb - 4)(Na  + 2Nb - 5)
NA + 2N - l)
Continuing the process for divalent ions, the thermodynamic 
probability is :
(Na + 2Nb - 1) 
,2- .
N.B
(na j _2nb):
V
Since each B ion is indistinguishable and symmetrical, the above
nb
probability must be divided by 1LJ (2)
a
Also the A ions can now fill the remaining sites in one indistinguish­
able way. Thus the thermodynamic probability becomes
N
N. + 2N - 1)
%
N.
(N, + 2N )i£>
na ! V
(Na + 2 M j :
N.i NJ A B
• • f (2:4:2)
Since (N^  + 2N^  for practical purposes.
This provides the expression for g(N.,N )A £
2. Evaluation of
Let us now consider the evaluation of E. For any given ionic
composition, the average number of ions surrounding any given ion will be
z(Ha ■» Nb)
The number of A ions surrounding any A ion will on average be
(N. + N ) . N
N, + 2N_ (N, + N
Taken over the whole system for ions this becomes 
2 2
zN a
(— — ^°2N ) = “  Where N = (N^ + 2Ng), number of resin sites.
A B
Since each pair of ions is counted twice, the expression for the number
2
of AA pairs becomes
~ r
2
Similarly the number of BB pairs is zN_. ,B
2N
and the number of AB pairs is zN.N .A B
N
Let to be the interaction energy of an ion with its neighbours. Then 
since z(N^ + N J is the total number of ions surrounding any given ion, the
2—  2—individual energy of interaction for one B B pair is 2 N <-Q .
^ v \ )
Therefore the total energy of interaction = (energy for two ions) x dumber 
of pairs)
2 N U) 00 NB2
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Q =
Hence the grand partition function for the system becomes ; —
N h a + z*b ^z/2
l(Na  ♦ 2Nb)J
B(N + 2NJ)
w -1
ea t  (  eb '
Ja(t) exp^ ^ /oE(T)eiT—  >kT B
'|NB 2
- KB to.
e^fpgJ'kT *°R
Now G = -kTlnQ, and therefore G/kT - - InQ.
, . . (2:4:4)
From equation 2;4:4
InQ a In (N, + 2N_)i - InN.J - InN* + N^ln -
ii Jj ii H  D d.
N E
- NBln (NA + 2Nj + NAlnjA(T) - +B‘
+ NBlnjB(T) + V b + ln^ - 
kT
kT
2
“b
(Na + H ) kT
Using Stirling1s approximations :- 
InNj a NlnN - N
InQ = NAln(NA + Nfi) + HBln(NA + 2NB) - N£ ~ NAlnHA 
- NBlnHB + KBln | + NAlnjA(T) + KAEA
kT
+ N„lnj (T) + V b + lnQ„- NB U)
B B ™  P' (N a  + MB]kT
• • • (2:4:5)
Now
O b
-44-
lnC
\ c ) N -
AR
kT
-In
k T \C)Ni ) "  kT
K+ ^  <KA + V
HA j" <NA + ZHB>
+  1 “
Ea \ 2 U>
lnj (t ) -- -JAV ' kT In
• • • (2:4:6)
and ^BR = 
kT
-In/ NA + 2Nb\ - /aKA  +_fB  ^ + 1 -  In | + 1 -  lnj (T)
2 ^ 7NB T V
eb 2W W
•nsA-oa mm rammsmmKW mimb— — a— rme
kT (na  + nb ;^
0 0
kT (2:4:7)
In solution we have
AS
kT
^ A,S + lna
A • • • (2:4:8)
and [X.
BS P
kT
BS _ 0
E T + b . . . s (2:4:9)
where p ^  = chemical potential of species i in the resin.
PiS = chemical potential of species i in solution.
(j,° = standard chemical potential of species i.
a^ = activity of species i in solution.
I| IT cfcrl 0E. /isrvrtzlo t h a t  i-
p.tin. = 0‘i l
. ’ . ^BR + ^AS = ^AR * • • * (2:4:10)
Therefore substituting equations 2:4:6, 7, 8 and 9 in equation 2:4:10,
"B ‘ 2(1 - *b)
“b =
(2:4:11)
Similarly : N. + N
Na  + 2Nb = 1 2* ■ • ■ (2:i<-:12)
•  i n  ( !  z  +  i  i  f -4-  C l  V
• • + - k f ~ + —  - ln i +i+ x % y (1 - - )
+ !l _ . 2b?
(2-Xg) kT . . .(2:4:13)
Novj the left hand side is the separation factor (cO and on the 
right hand side, the terms in brackets are grouped together and given 
new symbols, i.e. :
where K, = e . . . (2:4:15)
i.e. Xg = (2:4:16)
(1 - Xg) +
Let us now examine the constitution of the terms and in further
detail. We shall consider the possibility of these being constant to a 
first approximation.
(a) Consideration of In
The partition functions o f the exchanging ions in the resin are
composed of three main partition functions, i.e. vibrational, translational 
and rotational modes of motion. Let us consider each partition function 
in turn:
The vibrational partition function
3“The vibrational energy of a polyatomic molecule (such as etc.)
2s4:2 The
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may be regarded as the sum of the energies corresponding to the various
normal vibrations. Each normal vibration may be considered as a harmonic
oscillator for which the general equation for the partition function is i—
\  -1- hcW.i/kT
The partition function of the polyatomic molecule is the product of the 
partition functions of the individual oscillators, and can be written as :
T -hoWi/kT' -1
1 - e
Assuming for the moment that the main contribution to <j^ (T), is the 
vibrational partition function, we may write
-hcu>
1
ln
i -
B ^
± /k T ^
-hcH
/
A1 -
i/kT^
thNowoi. is the vibration frequency of the i oscillator and increases if
1 jA(T)the strength of the bend increases. L .n would increase as x^
2— ®
increases if the bonding of the B ions became relatively more enhanced
2-
than A ions with progressive increase in B ions as neighbours.
On the other hand, In jA(T)/jB(T) would decrease v/ith increase in
Xg if the bonding of B ions became relatively more weak than A ions
2—
with progressive increase in B ions as neighbours. It will be evident 
that since both species enter the resin with only a slight preference for
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one type over another, the differences in interaction energy between like 
and unlike ions within the resin is going to be small (a few K cals/mcle),, 
Thus the relative effect of a neighbour of either type on the internal 
vibrations of a given ion is going to be very small. If there is going to
be any change at all jg(T) will decrease with increasing x^ if the inter-
2-  2-  -
action energy of B B pairs is unfavourable with respect to A B pairs,
and thus In v will increase. it will, however, be conceded that such
increments, since they are produced indirectly from a quantitatively small 
source, would be very small if not negligible.
The translational partition function 
Translational motion for both ions is minimal although not negli­
gible, since there is a continuous exchange reaction proceeding between the 
ions in the resin.
(2wmkT)3//2 RT
There seems, hoY/ever, to be no immediate factor which is likely to change
q^ with increase in Xg
.A.
B
The rotational partition function Cb^)
The rotational contribution for a ' univalent ion is likely to be 
greater than for a divalent ion. It is generally accepted that for a 
simple ion, the charge is considered to be distributed over the whole surface
-49-
and so even in association with a fixed charge of opposite sign, it can 
rotate freely on any axis.
In the case of a polyatomic ion there may bo a degree of localisation 
of charge situated near the point where the proton has been lost (e.g.
) with the result that rotational motion is restricted to axial motion
2-w
around the ionic bond. For the divalent species ) we have little
possibility of rotation unless the bonding to the resin happens to be linear.
Such restricted rotation is not always apparent since in the case of
2—
HAsO^ etc., the charge is distributed throughout the surface of the ion 
for reasons of resonance.
In such cases, rotation is possible for ^ ^
,  '  ~ 0 Ss-V
both uni- and divalent ions. The rotational '  i* \
>• \
energy is decided by the moment of inertia /jjq . l u l q,
' < • Jof the molecule, which is a function of the \ • ,
\ ! '
masses of the atoms comprising it, and " - P "
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their di.stance apart. If the bonding is increased with increase of x^ , 
then one would expect the interatomic distance to decrease, and thus for the 
molecule as a virhole, the ionic radius would decrease, 'ihis ?/ould lead to 
decrease in the moment cf inertia I = mr where m - reduced mass| r = inter­
atomic distance. This would cause a decrease in q which would probably
R
be somewhat larger for than q although inevitably very small. This 
would cause a small decrease in ^(T)
The effect of changing the environment of the ions in the resin will 
doubtless have some effect on their partition functions. An increase in 
water regain will inevitably facilitate rotation of the counter-ions, with 
a consequent change in their partition functions. The effect on the ratio 
cannot, however, be predicted.
(b) The chemical potential term 
ji = |i° + RTlna
It can be seen that the activity of any substance can be expressed
T»FF£*£ffcS-
only in terms of a rati-o of the two chemical potentials p and p°. It is, 
therefore, usual to choose a reference or standard state in which the 
activity of the substance is taken as unity. For a solute, the standard 
state is chosen so that the activity coefficient is unity at infinite
qO *• Li ^
dilution. It is now apparent that the term A B is constant by
kT
definition (for a given temperature).
By definition, z is the number of nearest neighbouring sites around any 
given site, as an average for the whole resin. It is therefore extremely 
unlikely to be integral. Swelling of the resin would make all the 
neighbours of a given ion get further apart. By definition, however, 
they are still ‘nearest* neighbours and thus z is constant.
If the capacity of the resin is changed, then probably In ~ will
change•
The ratio of the activity coefficients, vdien calculated on the 
basis of the Davies equation, varies with ionic strength, as shown in 
Fig.l.
fA
It is quite evident that the term lnr*- is not constant even for
B
a given concentration and for a given resin. Ideally, the criterion 
should be constancy of the ionic strength (not the concentration).
It could be argued that the activity coefficient ratio, being a 
known term in the equation, could be removed from followed by solution 
of the curve for the other terms only. However, it is necessary to have 
a straightforward relationship between x~ and f^ in order that this can 
be done. The curve fitting method is such that anything which is not a 
parameter is related to the independent variable (x-g)*
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In conclusion, the evaluation of parameter K_^, on the basis of it 
being a constant to a first approximatmon, seems to be reasonable— providing 
tnat for the same system the concentration and the resin are maintained 
constant.
Since certain factors such as spelling have been disregarded in this 
theory, the values of the parameter resulting from the curve fit data 
cannot be taken as an absolute measure of parameter K^, since they included 
variations due to undefined effects. The trend in the parameter with x^ 
can, however, be determined by examination of the ’distribution of para­
meters ’ data.
It can be seen that, although lnr^ — ranges from 0.2 - 0,75 for the
B
range of ionic strength over which the Davies equation is applicable, for
fAany one isotherm the change in ln-r- was, on average, about 0,08, since
B
the range of ibnic strength was smaller. However, an increase in the
ionic strength of the external solution should produce a small increase in
the parameter K^. This offers a way of finding the variation of parameter
K_ with concentration, since as the concentration increases so does ln^ r*.
^  B
In order to establish the significance of further, the variation
in coordination number of the resin (i.e, capacity) should produce a change
in parameter K^, such that parameter decreases with increasing capacity*
This trend could be verified by investigations using different resins.
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2; 4:4 The Parameter
2 CO 
K2 = kT~
T =t absolute temperature k = Boltzmanns constant.
If K"2 negative, it shows tnat the energy of interaction of B B
- 2—
pairs is less than that of A B pairs and the preferred state is to form
separate phases or ’clusters*„
2— 2— — p—
If &2 P°sitive, then B*" B pairs are less favoured than A B
pairs and there will be nc phase separation.
Since in the derivation of the theory, no account of swelling was in­
cluded, then if the resin swells ¥7ith x^, the apparent constant will decrease
If, however, contraction occurs with increasing x^, the parameter will 
appear to increase. Again, such trends mighb be observed from the ’distri­
bution of piarameters* data. It is likely that changing the cross-linking 
or water-regain of the resin is likely to affect both the absolute value 
of the parameter and its variation with x^.
[indications
Let us examine the effect of these two parameters and K2 on the 
isotherm shape. Initially put YL - 0, then if is 1, we have Fig.2 
which prefers the univalent species to the divalent species. If 1
have the case where the divalent species is preferred (Fig.3)« If = 0,
then we have no selectivity (FiS.4). Now if ** -ve and = 1 we have a 
sigmoid curve produced which may or may not reverse selectivity (Fig.5). If
= 1 and K^ = +ve the curve is sigmoid in the opposite sense (Fig. 6), It
can be seen that qualitative statements can be made on the basis of the 
general appearance of the curves.
we
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S E C T I O N  3
EXPERIMENTAL WORK
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5:1 Resin Preparation
By far the most successful anion exchangers are those based on 
cross-linked polystyrene. They are comparatively stable, and are mono­
functional, Although such resins can be made into weak and strong base 
types, in this work, studies were confined to the strong base type only.
The matrix itself is formed by the addition polymerisation of styrene 
and divinyl benzene, the main monomer being styrene, whilst the divinyl 
benzene acts as the cross-linking agent. The reactive sites are intro­
duced in two stages. The polymer is first chloromethylated by a Friedel- 
Crafts condensation using stannic chloride as a catalyst. This is followed 
by quaternisation of the chloromethylated resin, which involves treatment 
with tertiary alkylamines.
The polymerisation, sometimes called pearl polymerisation, was carried 
out in aqueous suspension in a reaction vessel shown in Fig. 8. The 
suspension medium was made up by forming a slurry of 2 g. of Rhodoviol 
HS100. (polyvinyl alcohol) and water (100 ml.). This was then added to 
boiling distilled water (500 ml.) with stirring. This solution was made 
up to 1800 ml. before being transferred to the reaction vessel. A 
mixture of the monomers was prepared, the relative proportions of each 
depending on the degree of cross-linking required.
The polymerisation inhibitors were removed from the mixture of 
monomers by successive treatments with 2N caustic soda and finally washed 
with water. The total volume of mixed monomers was then 400 ml. The 
polymerisation catalyst (benzoyl peroxide - 4 g») was then dissolved in the
F IGURE 7
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monomer mixture, which was then introduced into the well-stirred suspension
and heating was continued for 8 hours „ The polymer is obtained as small 
spherical beads, the dimensions of which can be controlled by the stirring 
speed, nature of suspension stabiliser- viscosity of solution etc.
The beads were then wasted, dried, and sieved, the fraction B.S.S. 
25-44 mesh being retained. At this stage the beads were white, brittle 
and hydrophobic.
Chloromethylation
The copolymer (200 g0) was allowed to swell in dry chlorodimethyl 
ether (800 ml.) for 24 hours0 Anhydrous stannic chloride (10 ml.) was 
dissolved in a further 400 ml. of the ether, and this solution was then 
added to the resin. The mixture was gently refluxed for four hours, resin 
fractions being siphoned off at periodic intervals and thoroughly washed 
with acetone.
The chloromethylation stage is somewhat difficult to control as the 
reaction may proceed beyond monosubstitution, A side reaction may also 
occur resulting in additional cross—linking, the extent of which cannot 
be determined,
Cooper*s criterion [lo] for resins of uniform structure 
was that resins whose water regains fall on the negative slope of the 
water regain/chloromethylation time curves should be taken. He assumed that
resin removed from the reaction before the maximum water-regain value had
medium. The reaction vessel was maintained at 87°C. using a water bath
-5 1 -
been obtained was only partialiy chloromethylated, and this in a gradient
k
fa^ion with complete reaction on the surface of the beads, and little or no 
chloromethylation at the centre.
However Pepper [37] and co-workers found that chloromethylation pro­
ceeds at a rate which is independent of bead size. This indicates that the 
limiting factor is the reaction rate, and not the diffusion of the ether, as 
assumed by Cooper. Indeed, it seems that on the positive slopes of the 
curves ordinary chloromethylation is taking place, but that on the negative 
slopes further cross-linking by the suggested side reaction is proceeding and 
the water regain values are thus reduced. It follows from this that resins 
on the positive slopes are more likely to have a uniform structure than those 
on the negative slopes. Throughout the present work only those resins whose 
water regains fall on the positive slopes of the water regain chloromethyl­
ation time curves were taken.
Amination
The chloromethylated resin samples were treated with an excess of
trimethylamine solution. Although this reaction is fairly rapid and quanti­
ty HiKTURZ.
tative, was allowed to stand for three days to ensure complete reaction. . 
The supernatant solution was then drained off, and the resin neutralised 
with 5N HC1. The resin was then conditioned to remove several likely con­
taminants, which included the chloromethylation catalyst (Sn Cl^), the hydro­
lysis products of chloromethyl ether (paraformaldehyde), very short chain 
molecules of the exchanger itself, and also carbonate and bicarbonate ions. 
Such impurities were removed by backwashing the resin in a column with 
water, so that insoluble material was released and floated freely. When the
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backwashing effluent became clear, the beads were treated with a large 
excess of 3N hydrochloric acid followed by washing with de-ion:Lsed 
water from a mixed bed columnc The beads wore varied in colour from pale 
yellow to light brown, and were hydrophilic.
The Water Regain Determination
- EXCHWkE
In the case of cation.^ cross-linked polystyrene resin, since no 
additional cross-linking occurs as a side reaction, the ’pore* size of the 
resin is directly reflected by the fo D.V.3. added in the polymerisation 
stage. With'the anionic resins however, since the possibility of additional 
cross-linking exists, the initial fo b.V.B. added may bear very little 
relationship to the !poref size. . The water-regain is chosen as an alter­
native function for anion-exchange resins since the amount of water that a 
resin is able to absorb is necessarily a function cf the volume of the 
resin interstices.
The water-regain was determined by taking a sample of resin in a 
specific form (in this work Cl"* form resin was used throughout) and allowing: 
it to swell in de-ionised water in a tube of the type shown in Pig. 9*
A small volume of dilute mss-ionic wetting agent (leepol) was added to 
facilitate drainage. After fitting a rubber cap to prevent evaporation, 
the tube was centrifuged to remove interstitial water. The weight of the 
tube was then noted. At this stage the water is usually removed from the
OW/N?
resin by drying in an oven at ca. SO CL, but cite© to a small but definite 
thermal degradation of the resin, the drying was carried cut at room 
temperature in a dessicator over phosphorus pentoxide, Tne tube was 
weighed to constant weight. Knowing the weight of the dry tube, the
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water-regain was calculated as follows:
Water Regain = Weight of absorbed water in wet resin
Weight of dry resin
f(b-a) - 0.05(b-a)l - c 
c - a
If/here:
a = Weight of sinter tube (dry),
b = sinter tube + wet resin,
c = sinter tube + dry resin.
The correction factor of 0.03 in the wet resin accounts for the remaining 
interstitial water, and was arrived at by Pepper, Reichenberg and Hale [45] 
in blank runs on surface sulphonated polysbyrene beads.
Determination of capacity per gram of dry resin
Dry weighed samples of resin were swollen in water, and then eluted in 
a column with an excess of 2N nitric acid. The chloride in the eluent was 
then analysed gravimetrically as silver chloride.
TABLE 1 
Properties of resins used
Resin Wo. Water-Regain
Capacity 
per g. dry resin
Capacity per 
ml. wet resin :
1 0.18 0.633
2 0.32 1.161 -
3 0.37 1.507 1.1
4 0.44 2.38 -
5 0.49 3.06 2.054
6 1.02 2.70 1.386
7 1 *72 3.20 1.63
8 1 .93 5.28 1.80
9 2.13 3.18 -
10 4.74 4.88 0.85
11 6.64 < 5.30 0.695
12 20.7 - 3.45 —
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5 £ 2 R Value Work
In the present work eight acids systems were studied;-
1) dibasic acid systems as exemplified by sulphate, selenate, oxalate and 
periodate; sulphate and selenate were examples of a simple dibasic acid 
system; oxalate was chosen because of the difference due to localised 
charges in the divalent ion; and periodate because of the radical 
difference in structure between the mono and divalent species and
H3 I062’);
2) tribasic acids systems as exemplified by phosphate and arsenate; and
3) comparatively simple condensation reactions in oxyacids of which two 
examples were selected, namely dichromate and iodate, but the latter was 
shown subsequently not to condense at the concentration range used for the 
present work. (See Appendix 2).
All solutions were prepared from analytically pure reagents dissolved 
in de-ionised water. The concentrations were kept below 0.1N. where- 
ever possible because of the tendency for physical absorption of ionic 
species above this concentration [38]• In any system, however, the 
concentration of the solution was kept constant wherever possible. In 
general therefore a concentration was chosen which was below 0.1Nf and 
yet not so low that it was not possible to obtain a wide pH range with 
added salt, or that it became inconvenient for analysis.
The pH of the solution in any given system was varied by the use of 
mixtures of potassium hydroxide, the acid, and the potassium salts of the 
acid. The pH was measured using a glass/calomel electrode system in
conjunction with a Cambridge pH meter. The meter was standardised to pH 4 
using a potassium hydrogen phthalate buffer (0.05M) and checked at pH 9.18 
using sodium borate solution (0.05M).
The column technique was employed in the present work wherever 
possible for the following reasons
1) It can be seen from the definition of R, that the batch technique 
involves first converting the resin into acid form of the system under 
investigation at such a pH that the R value is constant, and then equilibri- 
ating with the same solution at a different pH. It may be seen that the 
equilibrium concentration of the oxyanion in question will not be constant 
over a wide pH range since treatment of the resin at different pHs may 
cause it to liberate or take up further oxyanions. Moreover it is 
difficult to decide *a priori7 at what pH*, the R value of the system is 
constant in order that the resin may be loaded initially.
2) Having set the pH of the influent solution, one could be assured 
that the pH and the concentration of the solution surrounding the resin 
would always be that of the influent solution since it was being continually 
displaced.
3) In the column, it is not necessary to change the resin from the 
chloride form into that of the system in question, since the elution of 
the column in every case first removes the Cl ions with the replacement 
of one or other of the oxyanions. The influent continues so that the 
various oxyanions present may then reach a ratio on the resin, which is in 
equilibrium with the ratio of the same oxyanions in solution.
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4) The batch technique provides information regarding the pH change 
during exchange, but this was not required for this work.
Preliminary experiments with sulphate, oxalate and dichromate systems 
showed that an influent containing a five-fold excess of a particular oxy­
anion when passed slowly (50 ml./hr.) through a column, was sufficient to 
saturate the resin completely with that anion. In all the column experi­
ments described, the influent always contained more than a five-fold excess 
of the exchanging oxyanion.
The uptake of oxyanion was determined either from the difference in 
the analysis of influent and effluent solutions or in the case of the more 
concentrated solutions, where the differences in the concentration of the 
influent and effluent would be very small and hence errors would be greatly 
magnified, the resin sample was eluted and the eluate analysed. Since 
the capacity of the resin was known, one arrives immediately at the R 
value.
In order to examine the effect of temperature some column runs were 
carried out in thermostatic conditions (Fig. 1C) at a temperature 25°C +
0.1°C. The system studied was periodate, and since no variations from 
the runs done at room temperature were observed, all further work was done 
at room temperature.
Sulnhate System
In this system, the concontration of all solutions of pH 1.67 and 
above was held constant at 0.01 94M in sulphate ion. In order to obtain
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the solutions of lower pH, it was inevitable that the concentration should 
be increased. The highest concentration prepared was 0,35M at a pH of 
0,65. Sulphate was determined gravimetrically a3 the barium salt,
Selenate System
Here the concentration was generally kept at 0.05M, although for the 
lower pH values, the concentration had to be increased to 0.25M, Analysis 
was carried out gravimetrically as the element by reducing the selenate 
Using concentrated hydrochloric acid and sulphur dioxide, The selenium 
precipitate was converted by heat into the metallic form.
Oxalate System
In this system, the position* of the R value change with respect to 
pH is such that the complete pH range can be covered using 0.05M solutions 
in oxalate. The solutions were analysed volumetrically using potassium 
permanganate at 60°C. in an acid medium.
Periodate System
In this system the concentration was held throughout at 0,01M in
iodinei preliminary experiments showed that the exchange of periodate with
a chloride form resin was not normal (see Section 3:4) and that secondary 
* . ^ •
reactions ijere taking place. In the light of this, all further work on 
this system was executed with the resin in the nitrate form, since this 
appeared to produce a normal exchange reaction. The periodate solutions 
were analysed*using sodium thiosulphate in acidified potassium iodide, with 
starch solution as indicator.
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Arsenate System
In this system, the concentration was held throughout at 0.029M.
The solutions were analysed by first reducing with sulphur dioxide, and 
having removed excess gas, concentrated hydrochloric acid and potassium 
bromide was added, The solutions were then titrated with potassium bromate 
using a-benzoflavone as an indicator [79].
Phosphate System
In this system the concentration of phosphate was held at 0,05M,
It was not possible to use a column technique due to the slowness of 
exchange. Accordingly, the R values were obtained by a batch technique. 
First of all the resin was converted columnwise into the phosphate form 
at pH 7, washed, and dried. Samples of 0.5g.were then equilibriated with 
phosphate solutions over the required range of pH for a period of ten days. 
Subsidiary experiments showed that this was sufficient for the attainment 
of equilibrium. On the achievement of equilibrium, the pH of the super­
natant solution was measured, the resin filtered off and eluted with 
ammonium nitrate and nitric acid. These solutions were analysed 
gravimetrically as ammonium phosphomolybdate [72],
Pichromate/Chrornate System
In this system the concentration of chromium was held at 0,0824 g* 
atoms of Cr/litre, The complete pH range was followed using various 
mixtures of dichromic acid, potassium dichromate and potassium hydroxide. 
The dichromic acid was made by passing potassium dichromate solution down
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a column of Zeo Karb 225 cation exchanger (E+farm), The effluent acid was 
then adjusted to the required concentration by the appropriate dilution. 
Analysis was carried out by addition of ferrous ammonium sulphate to 
aliquots of the dichromate solution in the presence of H^SO^/H^PO^ and then 
back-titration with standard potassium dichromate solution. The indicator 
used was sodium diphenylamine sulphonate.
Since the experimental R value versus pH curve appeared to be 
susceptible to variation in concentration, some further runs were carried 
out at 0,04109 g, atoms Cr/litre.
Iodate System
This system was originally chosen for the condensation reactions 
which iodic acid is reported to exhibit. It very soon became apparent that 
this was not so, and the results are accordingly reported in Appendix 2,
5:5 Selectivity Work
The data for this part of the work were derived from the R value 
work. The ionic fractions of the divalent species on the resin were 
calculated using the expression derived in section 2s2, (equation 2:2:2),
The equivalent ionic fractions of the same species in the external solution 
were calculated from a knowledge of the concentration of the solution and 
dissociation constants of the acid system under examination. The activity 
coefficients were calculated using the Davies equation, discussed in 
section 2:3.
In order to establish the reality of the ’parameters’ and
described in the theory (2:4), equations 2:4:14, and 2:4:15, one system was
chosen for further work. The oxalate system was chosen for its simplicity
of exchange and estimation.
In the work already discussed the variable factor has been the
exchange system, whilst the concentration of the solution, water-regain and
capacity of the resin were held constant. In this section of the work the
system was held constant, and the other variables were investigated with
a view to discovering their effect on the parameters and K^* There was
obviously no difficulty in varying the concentration of the exchange system
whilst keeping the capacity and water-regain constant (same resin). It
must, however, be remembered that the concentration should not be decreased
aeco^ es
to the point where analysis became difficult, and that it should not be 
increased to such a degree that the Davies equation for activity co­
efficients , . no longer applied, and also that physical absorption of the 
exchange system begins to occur. Two concentrations were chosen other 
than the original one. They were 0.01 5M and 0.07M in oxalate. The 
exchanges, analysis, etc. were carried out exactly as before.
In attempts to vary either the water-regain or the capacity of the 
resin with all other variables held constant, great difficulty is 
encountered because of the undefined interdependence of water-regain 
and capacity. In the resin preparation, it is impossible to prepare a 
resin sample with a pre-determined capacity or water-regain. It is
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possible to increase or decrease one of these functions in an approximate 
fashion, but one has no power over the constancy of the other. Because of 
these difficulties, the water-regain and capacity of the resin were varied 
together, whilst the concentration of the exchange system and the system 
itself was kept constant. Seven different resins were examined.Although all 
were of the same structural type, they exhibited widely different values 
of both capacity and water regain. The analysis of the results obtained 
is described in section (4:3).
5:5 The Anomalous Periodate/Chloride exchange
The chloride form resin, when treated with periodate solution, 
seems to undergo a chemical reaction which is not just a simple exchange.
The colour of the resin changed from an initial white, to yellow in acid 
solutions, and brown in alkaline solutions, The capacity of the resin 
was re-determined after treatment with periodate. In every case a 
decrease in capacity was observed. Iodate was also detected in the final 
solution (Table 2). This was assayed by precipitating periodate by the 
addition of zinc acetate, and titrating the filtrate with sodium thio- 
sulphate in the presence of acidified potassium iodide. It was found 
that the resin colouration was sensitive to pH and was reversible.
The primary anomalous reaction appears to be the production of 
chlorine by the reaction of periodic and hydrochloric acids [46], Iodate 
is also formed in this reaction:
H5I06 + 2HC1 * HIO^ + Cl2 + 3H20
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As is shown from the nitrate exchange, periodate alone is not
responsible for the anomaly whilst other work on iodates (Appendix 2)
has shown the iodate/chloride exchange to be normal* The remaining factor
is chlorine, which must react further to yield a colour sensitive product*
The colouration is due either to the formation of a coloured compound
within the resin, or resonance of the organic matrix* Considering the
first possibility, the only compounds possible involve Cl, I, 0, H and K
atoms* Since compounds of these are colourless, the only possibilities
are simple halogens and inter-halogens. The most obvious compound seems
to be iodine monochloride which is yellow in acidic solutions. In acid
solutions, the hydrolysis of iodine monochloride is negligible, but on
the alkaline side, hydrolysis takes place to yield hydrochloric and
hypoiodous acids* The hypoiodous acid formed is immediately hydrolysed
to iodine. This reaction is reversible:
OH" OH"
ici [hci + hoi] i
H+ H ^
Thus, on the alkaline side, the brown colour could be iodine. Iodine
mcnochloride, if present, could not be removed from the resin. This
could possibly be due either to its non-ionic nature, or because of
strong ion-pair formation (iCl^-(matrix) ). However, if the colour-
sensitive resin in the brown form is shaken with nitric acid and carbon
tetrachloride, a violet colouration appears in the organic layer which
was characterised as iodine* On standing however, the iodine is taken
up again from the carbon tetrachloride. All attempts at characterising
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TABLB 2
The anomalous periodato/chloride exchange
Resin Wt» -6 Capacity 
(m, equivs.)
Formation 
of Iodate 
(m. equivs,)
pH
0.9762 0.307 0.352 7.98
1.076 0.276 0.401 7.50
0.8910 0,266 0.214 7.06
0,9903 0.411 0.338 6.80
0.9486 0,460 0.19 5.00
0.8902 0.404 0.24 4.94
1.1704 0.357 0.189 2.60
1.1006 0.300 0.237 1.30
O.959I 0.238 0.166 1.32
0.9287 0.291 0.461 8.82
1.0235 0.282 0.459 10.20
1.1201 0.320 0.463 11.21
1.0670 0.374 0.474 12.00
1.0004 0.247 0.45 12.42
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iodine monochloride on the resin failed* Elution with strong acids and 
boiling with concentrated hydrochloric acid and organic solvents failed to 
reveal iodine monochloride* On heating the dry resin under vacuum above 
100°C., the resin gave off a gas which attacked the mercury manometer, 
making the mercury 'tail'. This indicated the presence of chlorine. 
Another sample of resin was heated under a stream of nitrogen, the gases 
evolved being collected in a solid carbon dioxide trap. Liquid chlorine 
was found to be present. The chlorine present produces hypochlorous acid
in the presence of water which is known to attack resins of the strongly 
basic types, with the liberation of trimethylamine [47]. It is also known 
that iodine monochloride adds to quaternary ammonium cations to give e,g* 
(C5H5HH+)(IC12“).
It can be seen that the quarternary ammonium groups could be either 
destroyed by H0C1, or blocked by IC1 or both. This could possibly explain 
why there is no correlation between loss of capacity, and production of 
iodate.
Since no evidence for the presence of iodine monochloride has been 
obtained, and also the difficulty of explaining its formation if present, 
it was decided to examine the other possibility, namely attack of the resin 
itself with the formation of a coloured matrix. The monomer corresponding 
to the probable reactive unit was chosen for investigation. This was 
benzyl trimethylammonium chloride. Consistent with the findings of the 
ion-exchange experiments there was no reaction either between periodate and 
the quarternary ammonium hydroxide or between the quarternary ammonium
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hydroxide and hydrochloric acid. In the presence of periodate and hydro­
chloric acid however, the monomer forms a yellow precipitate which is 
soluble in alkali. It was extremely soluble in dimethyl formamide and its 
melting point was 120-126°C. It was shown to contain carbon, hydrogen, 
oxygen and chlorine with a little iodine. The solid was believed to be a 
mixture although purification by recrystallisation and paper chromatography 
proved unsuccessful. Since the product was found to be indeterminant, and 
the work not really relevant, the investigation was concluded at this stage.
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S E C T I O N  4
RESULTS AND DISCUSSION
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4:1 Preliminary absorption experiments
Since complete conversion of the exchanger was required, it was 
necessary to examine the generally accepted view that for column work, 
complete exchange had been reached after a five-seven fold excess of anion 
had been passed through the column. To this end, samples of resin of 
known capacity were treated in a column with solutions of known concen­
trations, Three systems were studied, namely oxalic acid, potassium sul­
phate and potassium dichromate, at a concentration of 0.04M and at the 
natural pH of the solutions. At this pH it was shown that the ionic types 
present were not susceptible to change with slight changes of pH, These 
pH values were taken as the natural pH of the solutions. It is later shown 
that this assumption is satisfactory. The solutions were run through the 
samples at a rate of ca, 50 ml*^hour and the concentration of each 50 ml, 
of effluent was determined. The solutions were run through the columns 
until two successive estimations were equal. The results for these three 
systems are shown in Fig, 11, the axes being calculated in the following 
manner;
1 d  _ Total milliequivs. of ion removed from solutLcn
• 70 exc ange - resin sample capacity in milliequivs, x
2* Resin capacity-volume is defined as the volume of influent solution 
containing that number of milliequivs. of exchanging ion which is equal to the 
capacity of the resin sample under investigation. By plotting the 
absorption in this manner, the excess of solution required to ensure 
complete exchange becomes immediately evident.
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For the three systems studied, the dichromate solution was the most 
readily exchanged, complete exchange having taken place after only one and a 
half resin capacity-volumes had been passed. Sulphate sorption took place 
almost equally readily, whilst oxalate required two and a half resin capacity- 
volumes for complete conversion. It is worth noting that both sulphate 
and dichromate species were sorbed as the divalent ions whilst oxalate en­
tered the resin as the univalent ion. It seems that the exchange of chloiide 
for divalent species is preferred to exchange with another univalent species. 
This is in accordance with generally accepted views described in the histo­
rical section, (section 1;3).
In the other systems studied such sorption experiments were not 
carried out, but after sufficient solution had been passed through the 
column for complete exchange to have taken place according to the assumption 
given above, some resin samples were examined for any residual chloride.
In no case was any chloride detected in the resin.
In all the actual exchange studies, a minimum of five-fold excess 
of exchanging anion was passed through the columns, even though the sorption 
experiments showed that less would have been sufficient. This was done 
to ensure that not only had complete conversion taken place, but also 
that the different anionic species in solution had reached equilibrium 
with each other within the resin. In the case of the phosphate system 
where it was shown that a large capacity-volume excess would have to be 
passed for complete conversion to be attained, the column method was not 
practical from the standpoint of analytical accuracy, and accordingly the
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batch equilibrium type of experiment was adopted.
4:2 R value work
Since it has been established (4:1) that there is complete exchange in 
the column experiments carried out, the disappearance of anionic species 
from solution can be exactly equated to the resin capacity.
The values of R obtained for sulphate, selenate, oxalate, periodate, 
arsenate, phosphate and dichromate-chromate systems with pH are shown in 
Figs. 1 2 - 1 8  respectively. In these figures, three regions may be 
discerned:-
1 . Regions of the R-pH relationship where R is constant with change 
of pH.
2. In solutions of extreme pH whether high or low, the R value plateaux 
appear to break down.
3, A region where R is changing with pH,
1 • In every system there are regions of the R-pH relationship where R is
constant with change of pH. Let us first examine the correlation between
experimental and theoretical R values on these plateaux where there is no
rapid change in the nature of the ionic species present in solution, and
one species is the predominant one.
In the arsenate system it can be seen that an R value of 0.34 is
3-
found where a value of 0,33 wou?i.d have been expected for the AsO^ ion
•Z
(Fig. 16), and that a similar result is obtained with P0^ (Fig. 17),
R values ranging from 0.5-0.51 are found where a value of 0,50 would have 
been expected for the ions SO^2"", SeO^2”, 9 HP°42” and Cr°42~
(Figs. 12-18). Finally, R values ranging from 0.96 to 1.01 are found where
a value of 1.00 would have been expected for ions HS0^~, HSe0^~, HC^O^"”,
— — 2—
H^AsO^ , H2P04 9 and G t2 ° 7  ~ F^igs* 12-18). It is evident that the
correlation is as good as the experimental accuracy, no noticeable deviation 
from the theoretical predictions being observed.
2. In solutions of extreme pH, whether very high or very low, certain 
observations can be made. In solutions of very high pH, the R value plateaux 
appear to break down giving R values which decrease below that minimal value 
determined by theory. This is of course due to the competitive sorption
of the anion in question and hydroxyl ion. At pH values above 11, the 
hydroxyl ion concentration becomes significant, facilitating the competition 
of hydroxyl ion for resin sites. This effectively decreases the number of 
sites available for the anion. Since the resin capacity is not determined 
on this basis, the R value appears to decrease.
In both the selenate and sulphate systems, since both of the acids 
concerned have large second dissociation constants, the R value change is 
not apparent until a very low pH is reached. In consequence, the plateaux 
obtained for these systems where R = 1, are of necessity very short.
3. If we now examine the R-pH relationship in that region where R is 
changing with pH, such good correlation is not found. This is probably due 
to three main reasons; first the pH of the resin phase is, in general, 
different {Rom that of the solution phase. The Donnan potential acts in such
- 83-
a manner as to exclude cations including hydrogen from the resin. This 
exclusion leads to there being more hydrogen ions outside the resin than 
there are inside the resin, i.e. a lower pH exists in the external solution* 
As an example, let us consider a completely dissociated monobasic acid 
solution at pH 2. Then the activity of the hydrogen ion in the resin is 
given byi
aH+ = w ^ v
Co£FF*Cf«rn3
If activity- are neglected, and the concentration of sites within the resin 
is 1M (say), then 10~2 x 10~2 = 10~^M i.e. pH 4.
Such a discrepancy in pH in dibasic acid exchange, would tend to favour the 
existence of the divalent ion within the resin if the pK^ of the acid is 
near the operating pH of the exchange.
Secondly, only the activity-coefficients of the species in solution 
have been considered in the theoretical curves. The activity coefficients 
in the resin are extremely difficult to assess, and have effectively been 
given the arbitrary value of unity. Since this value is unlikely, some 
discrepancy must occur due to this approximation.
Finally, the assumption was made in the theoretical derivation that 
the ratio of the anionic species sorbed onjto the resin is the same as that 
in solution. This implies that the resin exhibits no selectivity, which 
is of course extremely unlikely. Such a theoretical curve with no 
selective property does however serve as a reference. The practical 
relationships are in general displaced somewhat towards the lower pH
- 84-
regions, i*e. the R value is generally lower than the theoretical one.
This means that the resin is absorbing a disproportionate amount of that ion 
which creates the lower R value, i,e. the ion of higher valency. This then 
implies that the relative affinity of the ions concerned is enhanced by 
increasing charge such as may arise through Iossl of a proton. The relative 
affinities decrease in the series:
As°43- > HAs042- > H2Ae°4-
po43- >  hpo42- > h2po4-
C2°42" > HC2°4'
Cr2072- >  HCr207- etc.
The relative affinity also appears to be enhanced by increased degree of 
condensation for the same charge. This is extremely pronounced in the case 
of the chromate-dichromate system (Fig. 18).
It will be noticed that for the periodate system, the displacement 
is minimal. This is probably due to the fact that the change in this 
system from a univalent to a divalent ion involves more than just the loss 
of a proton. Crouthamel’s work [55] indicates that the main univalent 
species is I0^~. This is also suggested by some simple thermogravimetric 
experiments in which the ionic weights of the species in a resin sample have 
been determined. Basically, the technique involves the measurement of the 
weight of a resin sample in each of two ionic forms. The water associated 
with the sample in each case is determined on a thermobalance by the
-85-
r  v a l u e :
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TABLE 3. (see Fig.12)
Sulphate iSystem
1 g» of dry Cl form resin per test.
Resin No*7; W.R. ;= 1o72j wet capacity =
: Concentration i pH
•i— •
R value j
i 0.331M o0<3 ! 1.05 j
i 0.194M j 0.84 j 1.00 i
j 0d55M j o.91 i 1.01 1
| 0.0775M 1.23 ! 0.76 i
j 0.0773M 1 1.2.5 ; 0,78 j
; 0.0775M 1 1.34 ■ 0 . 7 3  I
! 0.019;$ ! 1.67 ; 0.61
1 0.0194M 5 1,67 o.6o
: 0.0194M * 1,83 ; 0.56 j
' 0.0194M : 2,24 ! 0.53 i
0#0194M i 2.70 s 0.52 \
0.0194M * 3.00 : 0.50
0.0194M ;11.54 0.48 !
TABLE 4 (see Fig.13)
1 g. of dry Cl form resin per test.
Resin No«7s W.R. = 1.72; wet capacity = 1.63 meqv./ml.
ncentration jl m[ j pH
R value
0.25M | o.6o i702~~~
0.25M | 0.69 1.03
0.25M j 0.94 0.82
0.25M j 1.03 0.73
0.25M I 1.16 0.67
0,05’M ! 1.30 0.60
0.05M 1.44 0.59
0.05M ■ 1.67 0.55
0.05M : 2.24 0.51
0.05M I 2.44 0.49
0.05M ! 3.02 0.50
0.05M 4.16 0.50
0.05M 1 5.00 0.50
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T.A3LE 5 (see Fig.lit-)
Oxalate System
1 g. of dry Cl form resin per test.
Resin No„7j W.R. = 1.72; wet capacity 1063 meqv./ml,
Concentration j R value
0.05M lo 26 f 1,00
ii 1.55 1.0  0
ti 1.75 0.99
" 2.4B 0.86
it 2.86 0.82
it 3.15 0.78
ii 3.20 : 0.76
it 3.61 0.69
it
,
4.14  ; 0.63
ti 4.55 j 0.55
ti 4,92 0.53
n 5.40 0.52
it 6.20 0.50
ii 8.93 0.51
u 12.48 ’ 0.49
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TABLE 6 (see Fig.15)
Periodate System
1 g. dry NO^ form resin per test,
Concentration 
0.010M
ti 
it 
it 
I!
I 
I 
I 
It 
II 
1 
II 
It 
1 
II
72; wet capacity = I.63
pH j R value |
2.83 I 0.97 |
3.4S i 0*97 j
4.4-2 i 0.97 1
5.33 ; 0.95 i
5.36 ! 0.96 i
5.36 0.97 !
6.62 0.94 !
7.30 0.88 •
7.55 0.80 I
7.90 j 0.75 :
8.40 O.63 '
9.04 i 0.54
9.84 j 0.50 ;
11.30 ! 0.50 ;
12.07 0.48 |
At 25°C
0.010M i 6.49 0.95
1 f 6.89 0.93
1! j 7.14 0,91
I | 7,41 0.84
1 ; 74/6 0.76
I ! 8.21 0.66
I i 8.60 0.57
1 I 9.35 0.52
252ELZ (see ^g. 16)
1 g. of dry Cl form resin per test.
Resin No«7j W.R. = 1.72: wet capacity = 1063 meqv./ml*
Concentration pH R value
0.029M 1.64 1.00
ti 2.16 1.00
» 2.54 1.01
ti 2.90 1.00
it 3.48 0.88
it 3.95 0.73
« 4.35 0.63
it 5.46 0.55
" 5.64 0.52
6.94 0.50
it 7 .08 0.50
ii 7.32 0.50
ii 7.92 0.50
8.14 0.47
ii 8.40 0.44
n 9.53 0.35
it 9-89 0.36
ii 10.80 0.34
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TABLE 8 (see Pig.17)
Pho np.hats_System
0.3 g* dry phosphate form resin per test*
Resin No.7s W 0R. = 1.72; wet capacity
Concentration pH j R value
......... —i
0 • 0 v_n 1088 1 1.011
1.94 { 1.01
t
!
2„17 j 1*00
! » 2.34 ! 1. ogj
»
i
2.58 | 0.98
! " 3.1b I 0.94
i 3.94 ! 0.88i
"
,
5.03 j 0.81
S " 5.24 | 0.76
1 t 6.19 1 0.66;
'
tl 6.69 1 o.6i
tl
: 6.99 1 0.38i
. ,« 7.46 1 0.53
t
; 8.24 ! 0.49i
»' 8.84 ! 0.50
It
! 9.46 j 0.49
t| t 9*55 : 0.49
It 10*34 ■ 0.46
1
!
'
11.54 ! 0.31
| t 11.58 0.30
ii tI 11.62 I 0.29
63 meqv./ml.
TABLE 9 (see Fig.18)
Dichromate System 
1 g. dry Cl form resin per test.
Resin No.7; W.R. — 1.72j wet capacity = 1.63 meqv./ml«
Cone. = 0.0824 g.atoms Cr/litre
pH ; R value
1.75 ! 1.26
1.86 j 1.20
1.91 1.17
2.30 ! 1.C8
2.60 j 1.05
3.29 1 1.00
3.92 ! 0.99
4.90 I 0.99
5.01 0.99
5.40 I 1.01
6.16 ! 0.99
6,60 ; 0.98
6,68 j 0.98
6.76 I 0.99
7.00 S 0.93
7.07 ! 0.87
7.20 i 0.80
7.30 : O.69
7.45 1 0.65
7.99 \ 0.53
8.78 0.52
9.40 i 0.52
10.50 : 0.51
11.88 i 0.50
Cone. = 0.0411 g«atoms Cr/litre
pH 1 R value
}
1.78
f
| 1.19
1.82 j 1.11
4.17 0.99
5.07 i 1.00
6.40 1 0.97
6.89 i 0.93
7.09 ! 0.70
7.12 : 0o 84
8.42 I 0U52
9.70 ! 0.51
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percentage weight loss on heating to 100°C., (a pleateau on the thermogram 
indicates complete loss of water). Then providing the capacity of the 
sample is known, the ionic weight of an unknown ionic species can be determined 
from the change in weight of the sample in going from a known form to the 
unknown form. The accuracy obtained in determining the ionic weights of 
known ions seems sufficient to provide evidence that 10^ is the main uni­
valent constituent within a resin. Thus although there is an increased 
charge in the divalent species, it is accompanied by an increase in size.
It therefore appears that relative charge densities of the ions should be 
considered.
As a measure of the displacement of the R value curve due to selec­
tivity, it was of interest to ’fit1 the theoretical curves to the practical 
data and thus obtain apparent dissociation constants for the uni-divalent, 
and di-trivalent equilibria.
TABLE 16
System • Apparent pK Simple
Apparent pK^ 
Act. corr.
Literature pK^
Reference and 
Technique
Sulphate
COto• • 00 1.99 52 gas electrode
Selenate 1.11 1 .42 2.00 53 quinhydrone* 
electrode
Oxalate 3.30 3.53 4.21 54
Periodate 7.85 7o96 8.36 55 glass electrode*
spectrophotometry
Arsenate 3*93 4*11 6.77 56 glass electrode
Phosphate 5.35 5.68 7.20 57a hydrogen and 0
silver electrode
* Corrected to zero ionic strength by application of a theoretical or 
empirical formula.
0 Extrapolated to zero ionic strength.
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TABLE 16 (Cont ’ d)
System p a r e n t  PK? Apparent pK Literature pK Referenoe and 
Simple Act. corr* ^ 3 Technique
Arsenate 8.64 8.94 11.53 56 glass electrode
Phosphate not fitted 12.36 hydrogen and 0
silver electrode
0  Extrapolated to zero ionic strength.
It can he seen from Table 16 that the pK^ values in the dibasic acid 
systems have been displaced to lower values by as little as 0.53 in the case 
of periodate, to 0.91 in the case of oxalate. For both the tribasic acid 
systems, the displacements are larger (2.84 for arsenate and 2.85 for 
phosphate)• The displacements for the third dissociation constants are 
also large for these two systems. These curve ’fits’ were carried out using 
the simple R value expression which does not include the activity coefficients 
of the solution. The inclusion of activity coefficients in these expressions 
are represented in Pigs. 12-18 as broken lines. Such inclusion decreases 
the pK displacement by 0.30 for selenate, down to 0.13 for periodate.
If the slopes of the experimental curves are considered, it will be 
noticed that rarely are they parallel to the theoretical curves, Moreoever 
whilst some are steeper than the theoretical slopes, others are more shallow. 
This implies that the selectivity of the resin changes with the varying 
proportions of sorbed ions. As an example it can be seen from the oxalate 
curve (Pig. 14) that at the point where R is just changing from unity, due 
to the large displacement from the theoretical curve, the resin is exhibiting 
a high selectivity for the divalent oxalate ion. As more oxalate is present
-99-
as the divalent species the discrepancy between experimental and theoretical 
curves decreases, showing that the resin is now not so selective. Indeed, 
in the cases of sulphate, selenate and to a slight extent periodate, the 
experimental curve actually crosses the theoretical curve, thus reflecting 
selectivity reversal of the resin, i.e. at lower pH regions, the resin pre­
fers the univalent ion, but as more divalent species is formed, it then 
prefers the divalent ion. Such a phenomenon of selectivity depending on 
the fraction of preferred ion present has been recorded previously in the 
literature [36] and was one of the factors responsible for the use of the 
selectivity theory described later.
In addition to the basic studies where only the system itself is 
varied the effect of other variables was also examined.
1. The effect of variation of the external solution concentration,
2. The effect of using different resins.
3. The effect of temperature.
1. Fig. 19 illustrates the variation in the R*-pH relationship fc-r the
oxalate system when the concentration of the external solution is varied.
Three concentrations in all were used and it can be seen that the most 
dilute solutions yield the highest selectivity in the resin. From the 
theoretical R value relationship with the exception of the condensed system, 
the R value should be independent of concentration, except in the inclusion 
of the activity coefficients which indirectly reflect the ionic strength.
The effect of these activity coefficients are in the reverse sense to that 
actually found, i.e. the most concentrated solution exhibits the least
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TABLEJ.0 (see Fig. 19)
Effect of concentration on the P. vs. pH 
relationship for the oxalate system in 
Resin No, 7 (W.R. = 1.72)
Coneentration 0,015M
R pH
0.890 2.34
0o83o 2.64
0.790 2.96
0.695 3.47
0.688 3.51
0.622 3*98
Concentration 0,07M
R PH
0.893 2,47
0.866 2.65
0.810 2.90
0.747 3.32
0.655 3.90
0.620 4.12
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shift from ideality whilst the shift correction due to the inclusion of 
activity coefficients is greatest for the concentrated solution. It 
follows then that some more dominant effect is acting to oppose this factor, 
which must lie in the selective mechanism of the resin. This will be
illustrated in the discussion on the selectivity theory. (Section 4;3:3).
Effects of concentration on R are also found in the dichromate system, 
where not only are the factors just described probably operating, but also 
R appears to be dependent on concentration from the derivation described 
in section (2:1). (Fig. 18.)
2. It is expected that since resin selectivity seems to modify the R-pH 
relationship, the modification would be different for different resins.
Fig. 20 illustrates the extent to which the resin sample can vahy the point 
of change of R value. Taking extreme cases, whilst resin 3 (Resin sample 
characteristics given in Table 1) exhibits an R value of 0.75 at pH 3*8* 
resin 10 exhibits an R value of 0.64 at the same pH, It is very diffi­
cult from this graph to see exactly what properties of the resin enhance
or reduce selectivity, but the problem will be discussed later in the 
selectivity section, (Section 4:3*3).
3. Most of this work was done at room temperature since it was found that 
there was no observable difference with thermostatically controlled con­
ditions (see Fig. 15). This is as would be expected since the enthalpy 
change during ion exchange is usually smaller than 2K cals./mole, and it 
is the enthalpy change which governs the temperature dependence of the 
selectivity.
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TABLE 11 (see Fig,.20) 
Effect of various resins on the R vs.
Concentration 0.05M
Resin No.
10
11
;e r Regain R pH
0.37 0.985 2.42
ti 0,920 2.95
t 0,837 3.33tt 0.800 3.65
It 0.770 3=74it 0 c660 4.31
0»49 0.605 4.01ti 0.726 3.22
t 0.830 i 2 .54
t 0.785 2,87
t 0.866 2.28
1.02 0.846 2.99
" 0.834 3.11
t 0.771 3.46It 0.660 4.15
t 0.620  ; 4 .39
1.93 0.889 2.02
t 0*740 2,96
" 0.710 3.22
tt 0.601 ; 3 c 84
t 0.580 4.01
4 .74 0.852 2.42tt 0.778 2.95
;? : 0.712 3.33
t 0.690 3.65
It 0.650 3.74
t 0.562 4.31
6.64 0.615 4.15
t 0.537 4=71
» 0.805 2.90
t! 0.796 2.98
« 0.896 : 2.35
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4:5 Selectivity results and discussion
The isotherms were derived from the R-pH curves# The ordinate 
(xg) was calculated according to the expression described in section 2:2. 
The abscissa (x^) was calculated on the basis of the pH, ionic strength 
and dissociation constants of the system. The concentrations of the uni- 
and divalent species were derived from equations 2:1:7 and 2:1:8 in section 
2:1. Then since:
x - 2N 2']•*■£> “  ---
[HA"]+2[a2_]
2K2 \
[H+]f2 )
The isotherms derived in this manner for the sulphate, selenate, oxalate, 
periodate, arsenate I - II,phosphate I - II and dichromate I - II are shown 
in Figs. 21-27. The dichromate-chromate isotherm (Fig. 28) was calculated 
on the basis that:
2[Cr2072-] + [HCrO/-]
~  im ■■ ■— m m ^ — — —mmm— mmmam
B 2[Cr2072_] + [HCr04-] + 2[Cr042_]
This approach was used since it was not possible to distinguish between 
two ionic species with the same R value in the resin.
Certain of the isotherms are incomplete. The sulphate isotherm is 
in three sections due to the necessary changes in concentration. The
ZB
[H+]f„ A
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TABLE 12a (see Figu2l)
Selectivity data for the Sulphate System
Ionic 
trength
0.95 
0.90 
0.85 
0.80 
0.75 
0.70 
0.65 
0.60 
0.55 
0.525
1.03
1.09
1.15
1.20
1.27
1.40
1,53
1.69
1.96
2.35
0.1124 
0.1091 
0.1072 
0,0866 
0.0893
0,0923
0.1035
0.0296
0.0366
0.0422
0,778
0.780
0,781
0.794
0,793
0,789
0o781
0,853
O0841
0.834
0,367 
0.371 
0.373 
0.396 
0,394 
0.388 
0.373 
0,530 
0.502 
0.484
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.95
0.317
0,346
0,378
0.394
0.434
0.510
0.592
0.617
0,758
0.888
TABLE 12b (see Fig.22) 
;ivity lata for the Selenate System
R pH Ionic f1
strength X
0.80 0.96 0.0931 0,789
0,75 1.01 0,0913 0,790
0.70 1.09 0.0864 0.793
O.65 1.17 0,0824 0,796
0.60 1,35 0.0778 0,800
0.55 1.65 0.0775 0.800
0.525 2.00 0.0879 0.792
i
1
0,387 0.4 j 0.249
0,390 0.5 • 0.270
0.396 0.6 | 0,305
O.401 0.7 • 0.344
O.408 0,8 | 0.439
O.408 0,9 ; 0.610
0.394 0.95 i 0.782
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TABLE 13a (see Fig.23) 
Selectivity data for the Oxalate System
<
;
2 PH Ionic
strength fl f2 : \ ° 4 "  j W
1,00 1.56 0.0304 0,852 0.526 0 : 0
0.988 lo75 0.0299 0.853 0.529 0.024 ! 0
0,863 2.48 0.0304 0.852 0.526 : 0.274 0.058
0.822 2,86 0.0338 0.846 0.513 0.356 | 0.1:5
0.780 3*15 0.0354 0,844 0.507 0.140 0.202
0.756 3.20 0.0388 0o339 0.495 0.488 0.225
0,690 3.61 0.0480 0,827 0.468 0,620 0.438
0.628 4.14 0.0689 O0806 0.420 0.714 0.740
0.550 4.55 0.0871 0.792 0.395 0.900 0.885
0.525 
______— .
4.92 0.151 0.763 0.339 i 0.950 0.954
TABLE 13b (see Fig.24)
R pH Ionic
strength fi f2 ‘ V s 2' ; V ° 6 2'
0*95 6.60 0.00529 0.926 0.737 0,1 0.043
0,90 7.19 0.00621 0.920 0.720 0.2 ; 0.150
0.85 7.40 0.00715 0.916 0.705 : 0.3 ! 0.226
0,80 7.62 0,00834 0.911 0.688 0.4 1 0.330
0.75 7.84 0.0100 0.904' O.667 0.5 0.456
0,70 8.05 0.0120 0.896 0.660 0.6 0.578
0.65 8,27 0,0143 0.888 0.624 * 0.7 0.704
0.60 8.50 0.0168 0,880 0.604 0.8 0.805
0.55 8.90 0.0202 0.872 0.579 0.9 0.915
0.50 10.20 0.0226 0,866 0.565 1.0 0.956
_ . -  ....JL.
TABLE 14a (see Fig.25)
bhe Arsenate System I - II
Ionic 
strength
0*95
0.70
0.60
0.55
0.525
0.510
3o20
‘4.02
4,51
5.00
5.45
5.90
o.oi6o
0.0205
0.0227
0.0242
0.0260
0.0296
0.882
0.872
0.867
0,861
0.860
0.853
0.6U7
0.578
0.565
0.552
0.547
0.540
W  2-
4
^HAnO. 2
4
0.10 0.00078
0.60 0.00535
0.80 0.0166
0.90 0.0505
0.95 0,136
0.98 0,302
TABLEJAb (see Fig.26)
electivity data for the Phosphate System I - II
R PH lord c 
strength h f2
• XriPo 2- 
4
•'*HP0,2-
0.95 3.06 0.0404 0.837 0.491 0.10 0.00014
O.90 3.70 0.0460 0.830 0.472 0.20 O.OOO63
0.85 4.30 0.0468 0.828 0.470 0.30 0.00435
0.80 4.82 0.0482 0.825 O.466 0.40 0,0146
0.75 5.35 0.0489 0.825 0.465 0.50 0.0478
0.70 5.78 0.0527 0.821 0.455 0.60 0.121
O.65 6.27 0.0589 0.815 0.442 0.70 0.303
0.60 6.75 0.0766 0.800 0.410 0.80 0.580
0.55 7.22 0.101 0.784 0.378 0.90 0.813
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TABLE 15a (see Pig.27)
Selectivity data for the Dichronate System I - II
R pH Ionic j
strength j l
1.025 2.8?
t
0.0358 j 0.840
1.05 2.59 0.0288 I 0.854
1.10 2.20 0.0215 | 0.869
1.20 1.86 0.0226 ' 0.866
1.30 1.71 0.0247 0.862
1.40 l.6o 0.0270 1 0.858
f2 i
CM
f
O
(u
1 S*P XCr0o2-2 I 2
0.500 0.975 0.713
0.530 0.95 0.545
0.570 0o90 0.325
0.5 65 0.80 o.Isi
0.553 0.70 0.121
0.542 0.60 0.112
(see Fig.28)
Selectivity data for the Dichromate-Chromate System
R PH Ionic
strength
f
1
—  P*JtU *
*B
0.975 6.82 0.0660 0.810 0.430 0.95 0.394
0.95 6.94 0.0669 0.807 0.425 0.90 0.320
0.90 7.0 6 0.0685 0.806 0.423 0„80 0.246
0.85 7.14 0.0694 0.805 0.422 0.70 0.202
0.80 7.20 0.0699 0.805 0.421 0.60 0.174
0.75 7.27 0.0708 0.804 0.419 0.50 0.148
0.70 7.34 0*0722 0.803 0.416 0.40 0.123
0.65 7.44 0.0812 0.797 0.404 0.30 0.102
0.60 7.56 0.0728 C.803 0,41b 0.20 0.068
0.55 7.75 0.0638 0.814 0.432 0.10 C.039
56 Suffix B represents all species present which have an F value of unity.
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displacement of the three sections reflects the effect of the change in 
activity coefficients on the isotherms. Similar considerations apply to 
the selenate isotherm.- In the dichromate I — II isotherm, the region of 
low equivalent ionic fractions is incomplete. This is due to the fact 
that at the concentrations used, the pH was not sufficiently low to allow the 
dominant species to be HC^O^ . The concentration was not increased in 
this case because of the likelihood of even more condensed species being 
formed. [51]-
It can be seen that all the isotherms are non-ideal. Moreover the 
non-ideality reflects a resin selectivity for the divalent ion, although 
in the cases of sulphate and selenate there is a small region at low equiv­
alent ionic fractions where the resin is more selective for the univalent 
ion. The same may be said of the periodate system at high equivalent 
ionic fractions. It is evident from these three systems that the selec­
tivity of the resin varies with equivalent ionic fraction, and can be 
increased as in the sulphate and selenate systems, or decreased as in the 
periodate system. For the other isotherms where selectivity reversal is 
not present, it is nevertheless evident that the selectivity of the resin 
does depend on equivalent ionic fraction. For example, in the phosphate 
I - II and oxalate isotherms at very low equivalent ionic fractions, there 
is a larger deviation from non-ideality, such that there is a high prefer­
ence for the divalent ion. At high equivalent fractions, this preference 
is minimal. The reverse is true of the dichromate—chromate, and dichromate 
I — II isotherms where higher preference for the divalent ion is present
at high equivalent ionic fractions. j
The selectivity equation derived in section 2:4 (equation 2:4:16) was 
fitted to these isotherms using the curve fitting methods devised and describe! 
in Appendix 1 • The fitting provided evidence for the compatibility of the 
derived equation with the experimental. It also provides numerical values 
for the parameters and which are particularly useful when changes in 
resin or concentration are to be considered. I
Since the selectivity equation is only valid for uni-divalent exchange 
at present no theoretical expressions can be fitted to the di-trivalent 
exchange of the tribasic acid systems, or to the di-divalent exchange of the 
dichromate system. It can be seen that the ’’best theoretical curves” which 
are derived for the isotherms are extremely encouraging. It must be 
emphasised that even these curves are not ’best* in the absolute sense, but 
merely the best for the points taken from the experimental curve. In the 
fitting procedure, in general, nearly two hundred pairs of points were 
taken to produce the values of the parameters. Several histograms are 
shown in Appendix 1, Figs. J>Q, 39. The factors governing the shape of |
the histograms are discussed in this appendix. For the present, however, 
the interest lies in the way in which they reflect a slow change in 
parameter values as the equivalent ionic fraction of the divalent ion 
increases, (Two histograms are shown on the following pages:120-1; 
of periodate and of arsenate (Figs. 29 and 30).
In these histograms the main histogram represents the distribution 
when the points at lower equivalent ionic fraction are not included. In
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this manner the shift in the mode of the histogram is illustrated. It can
he seen that as the equivalent ionic fraction increases. K, increases and
1
Kg decreases.
This tendency of parameter variation is probably due to the neglect 
of swelling volume and resin entropy terms, which although dependent on 
equivalent ionic fraction, have been neglected in the theoretical treatment.
The parameters as defined will in fact contain swelling and entropy functions |i 
which are dependent on x^. The swollen volume of the resin was observed to 
change very little in going from uni- to divalent sorbed species, and it 
has been established that swelling is not an important factor in anion 
exchange [77]* The entropy term, however, is likely to be more important, 
Since accommodation of a divalent species in a monofunctional flexible resin 
matrix must inevitably lead to some spatial rearrangement and energy redistri 
bution within the matrix. This would cause a change in the entropy of the 
resin, which will depend on the proportion of a divalent species to be 
accommodated. However, the good curve fits obtained in every system 
dedicates that this entropy term only plays a minor role in the determination 
of selectivity. The best values of the parameters for the various systems 
are given below, (Table 17). The inclusion of the sum of the squares of 
the errors indicates how satisfactory the fit is.
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TABLE 17
System
Ki
--- ----
K2
^ e 2
* *
Sulphate <  1 - ve -
Selenate 0.55879 -2.08032 8.67 x 10~3
Periodate 0,55965 0.37474 4.99 x 10~4
Oxalate 0.15653 1.74032 3.07 x 10~3
Phosphate 0.011049 4.38516 6,21 x 10“5
Arsenate 0.0004374 2.72581 7.11 x IQ"5
Dichromate 0.056579 -0.595523 2.54 x 10
* Not solved due to the necessary changes in concentration.
is the parameter which is responsible for the assymmetry of the iso­
therms with respect to the ideal isotherm, and therefore if is less than
unity taken overall there is a preference for the divalent ion. This is
in fact tne case in every system examined. At present the value of
seems to be of little significance due to the unknown nature of more than 
one of the factors which constitute this parameter, i.e. the partition 
functions of the ions, and the co-ordination number of the resin matrix.
This is discussed in slightly greater detail in section 4:3?2,
It must also be pointed out that in the calculation of the isothermsj 
the dissociation constants of the acids are involved, and since in some 
cases these are not well defined in the literature, the isotherms are
- 124-
correspondingly uncertain.
The constitution of which is the parameter responsible for the
assymmetry of the isotherm with respect to the normal to the ideal isotherm, 
So
is much simpler, ("^)* Accordingly some interpretation of the results can
be made,, Thus in the three cases where is negative, namely selenate,
it means
sulphate and dichromate/ that the energy of interaction of the di-divalent 
pairs must be less than that of the uni-divalent pairs. That is, there is a 
tendency to form separate phases or clusters of like iens within the resin. 
Conversely, if is positive, then the preferred orientation is that where 
neighbouring species are dissimilar. This phenomenon of dissymmetry of the 
isotherm has also been observed by Gregor, [ 36] but his interpretation was 
in terms of the presence of resinates as separate phases in the resin
rather than in terms of interactions between neighbouring ions.
The actual values of the interaction energy are given by:-
tTN /
<*» = K2 x S J j & d O 10 K.cals./g.ion.
T = Absolute temperature taken as 293°K
—16
k = Boltzmann's constant = 1.38 x 10 ergs.
£>■2
N = Avogadro’s number = 6.023 x 10 /mole,
and are shown in Table 18. These values are of the expected order. The
interaction must of necessity be small in order that a resin is not 
entirely selective for one ionic species only. Barrer has estimated 
interaction energies for cations in zeolites [30] and these are very 
similar to present values. A comparison of 00 values is shown in Table 18,
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TABLE 18
Comparison of Interaction Energies for Various Exchanges
Exchanger Exchange Temp.(°c) C^(K.cals./geion) Worker
Resin No* 7 HSeO ~/SeO 2” Room temp. -0.608 Present
(see Table 1) 4 4r\ work
1 0 ^ S  I06 +0.109
HC2V /C2°42' +0.508
h2p o47 hpo42“ +1*28
H2As04V hAs042”* +0.795
HCr207V C r 2072" -0.174
Chabazite Na/^Rb4" 85 +1.63* Barrer [30]
Na^Tl+ 45 +0.44*
Na/Ag+ 45 0 *
K/Ag+ 45 +0.6*
Basic can- Li%a+ (68) +1.69*
crinite
Faujasite Na/Ag+ 25 +0.66*
K/Ag+ 25 +0.67*
N t/K* 25 +0.71*
Tl/Ag 25 +0.95*
* Figure stated is 03( \  + N5). which is only equal to L J when all
N
exchange sites are occupied (i.e. when N = N^ + Ng).
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It must be remembered that due to the greater flexibility of resins, the 
interaction energies can be decreased somewhat by reorientation of the matrix.! 
Such rearrangement is not possible in a zeolite lattice. Further, if one 
calculates the average distance between adjacent resin sites for an average 
of two milli-equivalents per gram of wet resin, then one finds that the 
average distance between uni-valent ions in a resin entirely occupied by 
uni-valent ions is 9*4 Angstroms whilst the distance between two divalent 
ions in a resin entirely occupied by divalent ions is 11.8 Angstroms. It 
is evident from the foregoing discussions that the interactions are going I 
to be very small. It was considered desirable to study the effect of 
varying water-regain and capacity, and of varying the concentration of 
the external solution within certain specified limits. The following two 
sections are concerned with these variations.
4 : 3 : 2  Effect of resin variation
In this experiment seven resins of diverse water-regain and capacity 
values were used in a constant oxalate concentration of 0.05M. Fig, 20 
shows the R value curves for these seven resins. Fig. 31 shows the derived 
isotherms. The derived values from the fitted curves are given below.
TABLE 19
Resin K1 K2
3 0.558475 2.40277 1.79 x IQ"5
5 0.101765 2.22495 2.86 x 10~3
6 0.25431 2.77983 1.10 x 10“3
7 0.15653 1.74022 3.07 x 10“3
8 0.06885 2.13267 4,96 x 10“3
10 0.09477 2.39293 3.28 x 10-3 
-3
11 0.14046 2.40113 2.37 x 10 ^
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FIGURE 31
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TABLE 21a (see Fig.3l)
Selectivity data for the variation of resins in the 
oxalate system
Ionic
strength
0.0320
0.0330
0.04.01
0.0463
0.0360
0.0680
0.0850
0.0970
0.849
0.841
0o831
0.827
0.820
0o8l0
0.795
0.731
1 x,
0.515
0.505
0.489
0.470
0.450
0.425
0.391
0.370
c2°42-
0.1
0.2
0.3
0.4
0,5
0.6
0.7
0.8
0.097
0.174
0.290
0.446
0.615
0.760
0.890
0.926
TABLE 21b
.-n ,
R PH
•
Ionic
strength
' f1 f2 XC 0 2- 
°2 4
0.95 1.74 0.0300 0.853 0,529 0.1 0.011
0.90 2.09 0.0299 0.852 0.526 0.2 0.024
0.85 2.42 0.0302 0.852 0.526 0.3 0.050
0.80 2.75 0.0321 0.849 0.515 0.4 0.106
0.75 3.08 0.0360 0.840 0.500 0.5 0.199
0.70 3.40 O.0426 0.830 0.480 0.6 0.348
O.65 3.73 0.0520 0.821 0,456 0.7 0.544
0.60 4.06 0.0650 0.814 0.433 0.8 0.723
0.55 4.40 0.0800 0.800 0.400 0.9 0.861 |
Resin 8
-13 0-
TABLE 23a
Resin 10
Ionic 
itrength
0.95
0.90
0.85
0,80
jo.75
10.70
jo. 65 
0.60 
0.55
1.80
2.12
2.44
2.78
3.10
3.43
3.76
4.08
4.41
0,030c
0.0299
0.0301
0.0326
0.0365
0,0431 
0.0530 
0.0660 
0.0800
0.853 
0.852 
0.852 
0,850 
0.840 
0,830
0,320
0,812
0.800
0.529
0.526
0.526
0.515
0.500
0.472
0.458
0.430
0.400
0.1 
0.2 
0.3 
Or. 4
025
0.6
0..7
0.8
0.9
0.012
0.028
0.052
0.110
0.207
0.369
0.560
0,736
0.864
TABLE 23b
R
...
pH Ionic
strength fl f2 ' Xc 0 2- 2 4
0.95 1.99 0.0299 0,852 0.526 0.1 0.019
0.90 2.31 0.0299 0.852 0.526 0.2 0.039
0.85 2.63 0.0311 0,850 0.520 0.3 0.079
0.80 2.96 0.0540 0.844 0.506 0,4 0.158
0.75 3.28 0.0400 0,835 0.488 0.5 0.286 j
0.70 3.60 0.0475 0,826 0,468 0.6 0.464 ]
0.65 3.92 0,0590 0.819 0.445 0.7 0.652 f
0.60 4.24 0.0726 G.S04 0.415 0.8 0.306
0.55 4.58 0.0890 0.790
...
0.382 0.9 0,9 06
1»
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As described earlier (3il)# it is very difficult to ascertain the 
direction of parameter variation with variation in water regain and capacity, 
since the variables, water regain and capacity, are virtually inseparable.
A pictorial representation is always useful and in this case it is provided 
in a contour of each parameter using water regain and capacity as the axes 
in the plane. Pig.32a shows such a contour, the ringed figure being the
parameter value, whilst the resin properties are indicated by the position 
of the ring. The lines are contours of approximately equal parameter 
values# It can be seen that decreases with increasing water regain and 
increasing capacity# Prom the constitution of , the effect of water 
regain is located in the ratio of the partition functions of the ions in 
the resin. It was assumed that this ratio was constant for a given resin 
but may not be constant for any resin.
The variation of capacity is directly implied in the function ln(z/2). 
It is found that as the co-ordination number of the resin increases, 
so the value of decreases. A similar capacity dependence was found by 
Harris and Rice in their selectivity theory [32]. Their derived capacity 
dependence for selectivity appeared to be contrary to the experiments of 
Lindenbaum, Jumper and Boyd [35] T but it must be remembered that theory 
considered univalent exchange only. Moreover, the experiments of the 
critics involved cation exchange only. A further consideration is that 
the critics considered the capacity in a different sense to that used in 
this work. The capacity can only be considered as it exists when ex­
changing, and not when the resin is in the dry state. Indeed, this was
F IG U R E J ? M
C O N T O U R  O F  K,
WATER
REGAIN 0.14
0. 0 9 L
'.068)
Q.2S4
0.102
0-S 58)
O / 2 CAPACITY U  WET RESIN
F I G U R E  3 2 ((f)
C O N T O U R  Q P  K ,
2.8
2 .4
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in fact pointed out by Lindenbaum, Jumper and Boyd* In Figs* 32a and 32b 
the capacity/wa3ca2culated on the basis of the number of milli-equivalents 
per gram of wet resinc These calculations were made on the basis of the 
water regain of the resin as determined in pure solvent* Thus, the water 
regains of the various resins used in the actual experimental conditions 
will not be the same as those quoted, but likely to be somewhat less.
It will, however, be conceded that although the actual figures are not 
exactly correct, the order of the water regains in terms of magnitude is 
not likely to change. In this investigation, it is only the order that 
provides any useful information.
The contour for parameter is shown in Fig. 32b, and shows no 
consistent trend with either water-regain or capacity. Since parameter 
is really a reflection of the slope of the R value curves, it is evident 
from the relatively small changes in slope, that assignment of actual 
values to parameter is of necessity bordering on the limits of experi­
mental error.
4;5:3 Concentration variation experiments
Fig. 19 shows the three R value curves for oxalate exchange on resin 
No, 7 (see Table 1). The derived isotherms are shown in Fig. 33. The 
three isotherms were 'fitted* with the theoretical equation and the 
following parameter values were derived:-
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TABLE 20
Variation of the -parameters K, and KL -------------------  _  1-----  2
with external solution concentration
C one ent r a t i on
K1 K2 C e 2
0.015 0,10797 2.11352 1.86 x 10“^
0,05 0,1563 1.7403 3.07 x 10~5
0.07 0.1396 3.12465 9.82 x 10“5
K. = exp.],’.' 3A ^  + EA - EB + ^ A " *-*B - In z/2 + In fA (1 IS— kT )
From considerations of parameter , the value of lnf^/fg changes 
by 0.23 as the concentration increases from 0.015M to 0.05M. This should 
cause to change from 0.1079 to 0.136. In fact, it is found that 
increases from 0.1079 to 0.1396.as the concentration increases from 0.015M 
to 0.07M. A similar increase is observed as the concentration increases 
from 0.015M to 0.05M. These increases are of the expected order. It will 
however be seen that the trend is inconsistent when all three concentrations 
are considered. These apparent anomalies arise from attempting to examine 
changes which are comparable with experimental error.
It must be remembered that the curve fitting procedure does not 
provide the best parameter values in absolute terms, but only the best for 
the data provided. In these three isotherms, due to their inevitable 
incompleteness, the lowest concentration is biased towards higher
-135'
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TABLE 24a (see Fig.33)
SoloctrTLty data for the variation in conoentratton 
of the Oxalate Solution
At 0.013M
1 pH Ionic
strength
f1 *2 Xc2°4 xc 0 2 “2 4
0.90 2.27 0.0119 0,896 0.645 0.2
r "
0.031
0,83 2.57 0.0119 U.896 0.645 0,3 0.060
0,80 2*86 0.0130 0,892 0.635 0.4 0.112
0.73 3.16 0.0163 0.882 0.607 0.5 0,206
0.70 3.46 0,0210 e 0 8 (0 0.574 0.6 0.351
0.65 3.80 0.0264 0.859 0.545 0.7 0.550
0.60 4.12 0.0315 0.849 0.521 0.8 0,725
0.55 4.51 0,0365 01840 0.502 0.9 0.870
TABLE 24b
At 0.07M
R pH Ionic
strength
fn
1
f2 xc 0 2- 
2°4 V 4 "
0.95 2.10 0.0483 0.825 0,466 0.1 0,027
0.90 2.42 0.0539 0.820 0.452 C.2 0.055
0.85 2.72 0.0617 0.812 0.435 0*3 0.108
0.80 3.01 0.0719 0,804 0.417 0.4 0.195
0.75 3.32 0.0866 0.793 0.396 0.5 0.340
0.70 3.62 0.1058 0.782 0.374 0.6 0.519
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equivalent ionic fractions, whilst the fit of the highest concentration
(JW
is biased towards low ionic fractions, to these considerations,
together with the fact that we are dealing with a trend comparable with 
the experimental error, it is better to examine the curves themselves. It 
is evident from these that there is in fact a slight trend in the predicted 
direction. The magnitude, although appearing to be of the right order, 
cannot justifiably be discussed.
Other information concerning the concentration dependence comes 
from the sulphate and selenate isotherms where there were necessary changes 
in concentration. In the sulphate system,in particular, it is clear that 
dilution of the external solution enhances the resin selectivity for the 
divalent ion. This is also illustrated to a lesser extent in the selenate 
system. In the sulphate system a wider concentration differential than in 
the oxalate system was used, but this did not allow a complete isotherm to 
be established to the limitations of the Davies equation.
These findings are in accordance with the predictions of the Donnan 
concept of resin equilibria. Moreover, Subba Rao and David [50] have
4. . . .
shown that the preference for Cu over Na increases with dilution.
In high concentrations, selectivity reversal is also observed.
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S E C T I O N  5
GENERAL CONCLUSIONS
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5:1 R value studies
It seems that the use of the R value technique for the study of 
ionic species in solution is justified providing due attention is paid to 
its limitations. From this work they include
1 • At high pH values, the R value is anomalous due to the sorption 
of hydroxyl ion.
2. The pH at which the species in solution undergo a change is only 
approximately reflected by the point of change of R value.
3* In general, this shift is in such a direction as to reflect a 
resin preference for the species of higher valency. The factors which tend 
to decrease R (i.e. the resin is exhibiting a preference for ions of higher 
valency in the pH region where the species are changing, include
a) Decreasing concentration of external solution.
b) Increasing water regain.
c) Increasing capacity.
4. As indicated by the side reaction which took place in the 
periodate/chloride exchange, care must be taken to establish that ion exchange 
is the only reaction taking place.
5. Another factor, although ore which was not examined in this work, 
is that of allowing a sufficiently porous resin when examining large ions.
A knowledge of the above findings would be useful in finding the 
approximate value of unknown dissociation constants, especially where 
other considerations invalidate other techniques,, As an example,
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hypophosphoric acid, where the first and second pK values are so close that 
pH techniques become insensitive, could readily be studied by the R value 
technique. The second dissociation could be ’isolated*, since the R value 
technique considers only changes in ionic species. By choosing conditions 
where resin selectivity is minimal, and then fitting the resulting curve 
as described in Appendix 1, a reasonable evaluation of pK^ should be 
obtained. Of course, activity coefficients should also be included.
5:2 Selectivity studies
It is apparent that the assumptions on which the theory is based are
BUT TW£ ZILSIUSTiHC} EQUATION APpEflCS TO f IT
E-R-TEMT^ ejiy^ for the systems studied. Such factors that are not considered in 
the derivation would therefore appear to play only a minor role in anion 
selectivity. It appears that the predicted dependence on capacity is true, 
remembering that the capacity is defined in terms of the wet resin. More­
over, although the change is small, it appears that the selectivity changes 
with the concentration of the external solution in the expected direction.
It is unfortunate that parameters and cannot be predicted ’a 
priori* both in sign and magnitude. However, since in all the systems 
examined : the value of is less than unity, it is reasonable to predict 
that in general, since the resin should prefer the ion of higher valency, 
the value of is less than unity. Estimations of its magnitude seem to 
be impossible at this stage, since even for the same resin the value of 
parameter K,j differs widely from system to system. Parameter is 
always positive. In certain of the systems studied the sign of Kg appears
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to "be positive whilst in other systems studied it is negative* In the 
assignment of therefore, there is the additional problem of predicting 
its sign.
As described earlier, reflects the difference in energy between
2— 2— . 2— 2—B B pairs and other pair types. Now in all the present work the B B
2-  -type of pair can be transformed into a B A type of pair, by mere addition 
of a proton. Similar considerations apply to other pair types. Such
proton exchange is labile, and it is therefore feasible to expect that the 
type of pair existing will to a large extent depend on whether the conditions 
favour its existence or not. The primary condition is, of course, the pH 
of the external solution. This determines the relative proportions ini­
tially entering the resin* That the same proportion does not exist at 
equilibrium in the resin mean3 that another factor is operating to change 
it. Any proton loss is accompanied by a change in energy. Therefore, if 
an ion is in a neighbourhood where its existence is less favoured than the 
alternative ion type, then providing that the energy change accompanying 
proton loss is less than the energy differential producing unfavourable 
conditions, one would expect the change to occur.
The energy change accompanying proton loss is reflected in the
-  2-  +free energy change for the reaction: HA A + H , and therefore if the 
free energy change is negative, the ease with which ionic rearrangement can 
go on, is enhanced. Thus one would expect that in systems where the free 
energy change of ionisation is negative, i.e. where the hydrogen associated 
with a univalent species is labile, the accommodation of the divalent ions
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is such that they are in the most suitable environments. It follows there­
fore that neighbouring interactions would be somewhat less in these cases.
The interaction energy acts over a range of circa 10 Angstroms, and 
must therefore be Coulombic in nature. Sulphate and selenate are not easily 
polarised and therefore there would be little ion-pair formation of the uni­
valent ions with the tetramethylammonium ions of the resin. Phosphate on 
the other hand is readily polarised and in consequence ion-pair formation 
with the resin would be expected. This would result in a large decrease in 
the effective charge of the univalent phosphate ions in the resin, with 
consequent smaller interactions between neighbouring ions, than corresponding 
bisulphate pairs.
The divalent species are situated between two tetramethylammonium 
groups which are approximately 9 Angstroms apart. The relative sizes of 
the sulphate group and the phosphate group are almost the same, and the 
fact that the sites of the resin are fixed means that there will be very 
little differentiation in the behaviour of the two ionic types with respect 
to ion-pair formation. The distance between sites is such as to allow some 
order of ion-pairing to take place, but the extent for both ionic types 
must be similar. Thus the decrease in electronic charge due to ion-pair 
formation must also be similar. Now the distance between di—divalent types 
is of the order of 11 Angstroms so that if ion-pair formation is considered, 
a situation can be conceived where the interaction energy between divalent 
types is comparable with that of two univalent (non ion-pairing) types at
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a closer distance# However, whilst it is possible that a degree of ion-pair 
formation in the divalent sulphate ions could create a situation where the 
accompanying decrease in charge was sufficient to make the interaction energy 
less than that of the non ion-pair forming bisulphate pairs, a similar 
situation in the phosphate system is less likely due to the ion-pair forma­
tion which already exists in the univalent species.
This is best illustrated in the diagram below.
Sulphate System 
( - ve)
Phosphate System 
( + ve)
y ; HS04“ . . S
X  . . . .
". ..  '.— •> I
... >
V .
f
H2P 
.... V
0 /  HP( _4 _ _ _ _ VT..
f
/ t\
X and Y represent the energy levels of the unir and divalent ions 
respectively, having no regard to decrease in charge through ion-pairing.
It can be seen that whilst the energy of the relatively non ion-pairing 
H ion is possibly decreased only marginally. The energy cf the ion-
pairing H^PO. ion is decreased considerably. If we assume that due to
Cm
the fixed nature of the divalent species, the energy decrease in both
sulphate and phosphate divalent ions is similar, then there is a possibi-
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lity that the difference in energy between HSO^ and SO^ 13 negative which 
is unlikely in the case of the phosphate system. One would therefore expect
that easily polarisatle systems that would tend to form ion-pairs in the 
univalent state, would tend to exhibit positive CO values rather than those 
systems whose univalent ions are not so readily polarised# This latter 
factor is considered to be greater than the free energy consideration dis­
cussed earlier#
In consideration of the other systems in turn, the case for selenate 
can be argued in an analogous manner to sulphate. The argument for the 
arsenate system is analogous to the phosphate system. In the oxalate 
system, the ion-pair formation of the univalent ions is probably less than 
that of phosphate, but in this case, accommodation of divalent ions does 
not appear to be facilitated by free energy considerations, and therefore 
taken overall, the interaction energy remains positive.
In the periodate system, since the periodate ion is readily polari- 
sable, we would expect the formation of strong icn-pairs, and on this 
basis, the interaction energy would be expected to be positive. Con­
sideration of the free energy changes are not really of value due to lack 
of information, but it appears that there is very little contribution from 
this source. Due to the low value ofO->for periodate, some other factor 
must be operating to oppose the ion-pairing consideration. This probably
lies in the unusually high change in charge density accompanying the uni-
—  2*—
and divalent species of periodate (10^ and E^IOg ).
In the dichromate system, working on the basis that dichromic acid 
is a strong acid, one would expect that HC^Oy would not be readily 
polarised, and in consequence would not tend to form ion-pairs. It follows
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then by similar reasoning to the sulphate system that the interaction energy 
( could be negative.
In the phosphate and arsenate systems where the free energies of 
ionisation are virtually the same, one would expect that since arsenate is 
the larger ion it is more polarisable than phosphate, and stronger ion- 
pairing would be possible in the arsenate system. This would mean that the 
interaction energy Q  for arsenate would be decreased to a greater extent than 
phosphate. It is interesting that this does indeed seem to be so.
From Table 18, it can be seen that the interaction energy is always 
below 2 K.cals./g.ion whether the exchanges are cationic or anionic, and 
whether exchanged in resins or zeolites. Such disproportionation energies 
must of necessity be very small in order that there is some degree of phase 
mixing and that no metastable phases are likely to be formed.
In conclusion:- 
K^  1. Always positive-.
2. Usually less than unity for isotherms of divalent ions.
3. Decreases with dilution of the external solution.
4. Decreases with increasing water regain.
5. Decreases with increasing capacity (wet).
1. Either positive or negative.
2. Positive for systems where the ions are readily polarisable. 
Otherwise negative. (The free energy change accompanying 
ionisation should also be considered.)
3. Magnitude up to the order of 2 K.cals./g.ion,
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The comparison of this theory of selectivity with previous theories 
is of importance. Barrer’s theory [50] has been shown to be applicable to 
cation exchanges in zeolites. The present extension of this theory has been 
shown to satisfy the experimental results of uni-divalent anion exchanges in 
resins. Moreover, the predicted trends agree with those of Harris and Rice’s 
theory [32]. The results obtained by Gregor [36] and subsequently explained 
on the basis of the formation of mixed and separate resin phases, could 
equally well be explained on the basis of the concepts described in the 
present work. It would differ however in that the present theory would 
describe all the types of exchanges encountered, whereas in Gregor’s theory, 
one has to apply either homogeneous or heterogeneous reaction theory, according 
to the type of result obtained.
Thus the present concepts could be applied to explain nine cation 
exchanges in zeolites, 25 uni-univalent anion exchanges, and 7 uni-divalent 
anion exchanges in resins, reasonable evidence, in fact, for the significance 
of the theory. That such a concept can be universally applied to a wide 
variety of exchanges, lends weight to the validity of the original concepts 
involved. Other theories based on different concepts are usually adequate 
for a specific group of exchanges, and are often totally unsatisfactory for 
a different group. It would seem far more feasible to expect that the 
underlying causes of selectivity are the same, regardless of the type or 
condition of exchange, and that in the ultimate theory of ion exchange, 
there will be only one universal concept in which the parameters will change 
only in magnitude according to the conditions of the exchange.
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S E C T I O N  6
APPENDIX 1
CURVE FITTING METHODS
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6:1 Introduction
The fitting of curves involves either the fitting of a preconceived 
theoretical equation, or the fitting of a general polynomial equation to a 
set of data points. It basically entails the assignment of numerical 
values to the unknown parameters of the theoretical equation in the former 
case, or to the virial coefficients of the polynomial in the latter case.
In the present work, the interest lies in the former case only. The type 
of parameters encountered fall into two types:-
a) Linear parameters
b) Non-linear parameters
a) Linear parameters can be expressed as A. in the general
expression:- y = A^f^x) + + ..........  (6:1:1)
where f^(x), all i, do not contain any of the unknown parameters A.
b) Non-linear parameters are in effect negatively defined, and are 
those parameters which cannot be expressed in terms of equation (6:1:1).
A simple example is 1/(A + x).
Let us first consider the approach for the fitting of an expression 
to a set of data points where the parameters involved are linear.
6:2 Curve fitting procedure for linear parameters
Consider the curve y = F(A.,x), where:-
0
F = Atf,(x) + A2f2(x) + ......... + AnFn(x)
and f (x), all i, never contain any of the unknown parameters.
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I s f  ( Y )
It follows therefore that c iv y = 0 for all i and j.
d Aj
How S is the sum of the squares of the deviations of actual y-values from
theoretical y-values.
Hence the criteria for the best fiti.e. S = < w  I y - F(A ,x ) 
u. j
is that S be a minimum.
For this, - 2  - ^  = ............^  ‘ °
Now = yi “ p(xi^ ' for a11 i ‘ (6:2:2)
a j o  j
V  P ( X )But *-r i = f.(x), which in the case of linear parameters (equation
v  3 3
6s1s1)r is independent of the parameters. Hence, the equations “C“7 = 0,
<J 0
all j, give a set of m linear simultaneous equations in m unknowns, if
j = 1 to m, and thus one, and only one set of values for A. can be found such
J
that S has a stationary value. Now it may be argued that there will be a 
minimum value of S, and since we have proved that only one stationary 
value of S exists, this must be the minimum value of S.
This reasoning is only applicable when the theoretical equation to 
be fitted can be written in the form of equation 6:1 s 1 * If this is not 
possible, then a set of linear simultaneous equations cannot be obtained. 
However, if the parameters are non-linear (as is the case in all the 
present work)y there is no general method available for their solution, 
and each function has to be approached on its own merits. There is of 
course the technique whereby a 'family* of theoretical curves is compared
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with the practical data, and the best curve is chosen by inspection, but 
this procedure lacks both in elegance and accuracy.
The following discussion describes the mathematical approaches that 
were applied to the problem of non-linear parameters as it presented itself 
in the present work. In view of the apparent individuality of non-linear 
parameters, together with the state of knowledge as it stands at present, 
the universal application of the methods to be described should be 
accompanied with extreme caution,
6:5 Curve fitting procedures for non-linear parameters - 
Method of least squares
Let us first consider the theoretical expressions for the R value, 
(equations 2:1:11,12, or 2:1:20, 21). In general they may be expressed 
as R = F(K.,H)5 where H is the independent variable, R is the dependent 
variable, and K., j = 1 to n, are the constants to be determined. These 
have to be correlated with practical data R^, EL ,
For every practical value R^, there is a corresponding value F^ 
lying on the theoretical curve. The best curve is when the sum of the
squares of (R^ - F^) is least.
Let S = (R± - Fi)2 (6:5:1)
A g
For the least value of S, “7 ^  = 0, for all j = 1 to n.
a
i.e, .tT (R. - F.) = 0, all j = 1 to n. (6:5:2)
1 IL l
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Now if F is a linear function of the parameters K^, this can be solved 
directly for the best parameters* If it is not linear, a method of itera­
tion must be used. Consider a good set of approximations and let a
better approximation -K.. be K. + 6K., where 6K. is small. Expanding
 ^31 jo j j
F(K. + K., H) and (-v~ J in Taylor series, and neglecting terms in 6K.
jo J \£)Kj' J
of higher order than the first:- 
- n
F. = F. + 1 10 k = 1 to n (6:3:3)
( 1 0 '
cjf
J' O
n
C  6Kk , 
k > i
(AdF
J l  J 0.
Now for convenience we use the notationr
iob& X  ■
a ..
J
J W  ^  F \ 
a M  r)K~ \1,K. )
o f  c)f
= a
(6:3:4)
Then equations 6:3:3 and 6 5 3s 4- become
n _
an
F. = fF I . +1 L o-J 1 k =Tr k k .
n
aik6Kk
k = 1
(6:3:5)
(6:3:6)
Now equation 6:3:2 becomes:
- [ “C ,  aK6M 4 l [ a j ] i
j = 1 to n; k = 1 to n.
n
2 1  V s*
* k = 1
• \ = 0• 1
(6:3:7)
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Let = ^i: ■^h-en expanding the above equation (6:3:7)> again
neglecting powers and products of 6K higher than the first
f. = 0
C  { (" b)i + {" C  - faa C  ak6Ki) i
k = 1 k = 1
(6:3:8)
« v  -
J.
r n
aja’ v 6Kk .
k = 1
n
(6:3:9)
I S 1 ( a j S k  "  t a j k ) 6 K k . (6:3:10)
Now a.a = a a., and a., = a .. Thus, if we put c = (a.a - b a ).
j k k j jk kj jk j k jk'
then c .. = c, and we have:- 
3 3 _  ^ n
(a b)
1 '  J 1
c
k = 1 °.ik6Kk
(6:3:11)
* 1
Changing the order of summation on the right hand side:-
(a .b).
o i .k * 1
r "
< V V .
Now 6K^ is not changed by variation of i,
f^(adb)i = kC, “k(^Vi
Thus we have a set of n equations in n unknowns
(6:3:12)
(6:3:13)
In matrix form, this is [a ..] = [c^k][6K^] (6:3:15)
where [A^ .] and [6Kj^ ] are column vectors, and[c^]is an n x n symmetric 
matrix*
In the case of one parameter, j = k = 1 *
d ( Ri  -  FJ ( ^ /< > V 0
K = 'T o * --------------- , ■> (6:3:16)
I f ,  I  - V
(identical expressions are derived for successive parameters).
Application of the method
Initially, fitting was carried out using [h+] as the independent 
variable, but it soon became apparent that this created an unequal 
weighting to the set of data points. Data were obtained from pH measure­
ments (a logarithmic function), and so for equal weighting, the curve 
should be solved using pH as the independent variable* Thus the actual 
form of the R value equation is of importance. The original expression 
for R in the case of dibasic acid systems is R = (2[h ]+ K)/(2[h ']+ 2K) 
(equation 2:1:11). The corresponding relationship between R and pH is:-
(Similar operations yield the corresponding relationship for tribasic acid
systems).
For ease of computation, we write:-
F = R = 2e ^  + e°^ , where c = log 10
2(ecpK + ecpH) e
Other functions required for the curve fitting procedure in dibasic acid 
systems are:-
It was found that this method could not be used to alter all the parameters
than one parameter, one parameter is greater than another by a considerable
was very probable that the minimum had been completely traversed, and 
further approximations continued to depart from the desired minimum. To 
avoid this difficulty, one parameter wa3 operated on whilst the others 
were kept constant. Having reached a minimum on this axis, it was held 
constant, and operations commenced on the next parameter. In this fashion
p
the minimum e could be approached. A further limitation of this
2 c(pK+2pH) c(2pK+pH)
2(e°PH +ecpK)3
in one operation (i^e, by solving the matrix), since if in the case of more
amount, then a slight change in the 6(parameter) causes too great a jump 
in the other 6(parameters). If one parameter was traversed too far, it
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method is that the initial approximation of the parameter must he reasonably 
accurate,-. » On some occasions it was still necessary to plot a grid system 
(Fig. 35) in order to further improve on the initial approximation.
6;4 Direct iteration method
Due to the necessity of having a good initial approximation of the 
parameters, such a method just described is of little use in solving the 
selectivity equation, since one really has very little idea ’de novo* of 
the parameter values.
It was therefore decided to use a direct iterative method. The 
computer was given initial values of and K^, and it calculated the sum 
of the squares at this point. One parameter was then varied in a stepwise 
fashion, e~ was examined after each step and providing was less
than in the previous step, it was allowed to proceed with further incre­
ments of the parameter. On reaching a poin,t where increasing steps of 
the parameter were below a prespecified value, operations were directed 
to the other parameter, (The computer flow diagram is shown in Fig, 34)•
It was found that this method seemed to reduce to insignificance 
and then operate to fit the curve using only. However it was found 
that if Kj and Z were given initial values numerically greater than the 
true values, the method approached a minimum in which both and were 
significant0 Having reached this point, it became evident that there 
were at least two minima, a possibility which had not been considered 
before. It was thought that if the values of the parameters at this 
second minimum were increased slightly, then they should return to their
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original values# However this was not to be so, but led instead to a third
minimum etc. The problem then arose as to how many minima existed, and which
of these, if any, yielded the right values of the parameters. Examination
of Fig, 36 provides the explanation. If the continuous curve represents
the practical curve, then in Fig. 36a, one can imagine a theoretical curve
(represented by a broken line) where for the two parameter values obtained,
> 2
the value of>e is x. Fig. 36b shows the situation where for different 
parameter values, another curve is produced such that the value o f j f e ^  
is still x. Fig.36c shows yet another possibility. In the light of 
present knowledge, it is not known exactly how many minima exist. It may 
even be possible for an infinite number to be present. It is evident how­
ever, that only where^e^ = 0, is there only one minimum.
It was then clear that although^e was useful in reflecting the 
closeness of the curve fit, it was not possible to use it as a criterion 
for alteration of the parameters. It is interesting to note that this 
type of two parameter curve differs fundamentally from the two parameter 
R value curves. In this case there exist two parameters which are inti­
mately related in respect of the whole curve, whereas in the R value curves, 
there is a situation where each parameter almost independently of each 
other fix the position of separate parts of the curve (Fig. 3?)*
It was therefore decided to abandon this direct iterative method 
and seek some independent means of establishing and
6:5 Distribution of naramevers method
If it is assumed that a given point on the theoretical curve lies
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on the data curve, then for another point of the theoretical curve to lie 
on the data curve, the two points must assume the same values of 
parameters,
J!±K0/(2-x) + x/2]
(6:5:1)
xK. e 2y =  1
(1-x) + xKie[xV (2-x) + x/2]
Consider a pair of values x.. y.. Then:-1' u
1 - yt - 1/f + x^d-x.). + V 2]
[x1K2/(2~xi) + x^/2] _ yi(1_xi)
K1 e (6:5:2)
Similarly for a pair of values x^ ., y^:“ 
Ki^.K2/(2-x .) + x./2] =
Combining equations 6:5:2 and 6:5:3,
x .
K,
x.
1
2-x.1 2-x..o
y.(i-x )
J J
x,0-yj
J J
(6:5:3)
y (1-x )x (1-y )
(2-x.) (2-x.) .
2 - 2(r^ ry-^  • lo®e • ( x;y.(i-x.y(T^
1 0 \ -*• J J
x .y.(l-x )(l-y.) [_ (l-fi)(l-fi)
and K. = e f E2( xi } - fil
1 T T  k o ' ~  o J
10(1 1
2 2
(6:5:5)
xTT
(6:5:6)
2-x.1
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Another two points on the graph might give somewhat different values 
for and (the parameters). If a large number of points are taken, then 
a large number of determinations of the parameter values can be made* By 
plotting the frequency histograms of the derived parameters, the values of 
maximum frequency can be established, i.e. the values of the parameters which 
are the same for the largest number of data points. Examination of the
histogram also shows which points on the curve are bad ones, i.e, if a set
of parameter values is produced for the nth point where the parameter 
values range over the whole histogram, then this implies that the nth point 
is bad in comparison with one where the parameter values are concentrated 
within a small region of the histogram.
This method is quite clear cut where the histogram has a well de­
fined mode. In some cases, however, it was found difficult to decide
exactly where the true peak lay, even after elimination of the obvious bad 
points. This did not necessarily imply that the curve fit was bad, but 
rather that a very small error in the abscissa created a large error in 
the ordinate creating consequent bad values for the parameters. Such a 
case is found in the arsenate I - II isotherm-, where at low equivalent
ionic fractions, the data curve lies extremely close to an axis* In
contrast, the periodate histograms have a well defined mode, consistent 
with the fact that Xg changes to approximately the same extent as xg 
over the whole isotherm.
6:6 Distribution of the parameters with inspection of the sum of the 
squares of the errors modification
To overcome this, the programme producing the distribution of
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parameters was modified to examine the sum of the squares of the errors 
for each evaluation of the parameters. It ultimately selected that pair of
criterion for operation on the parameters, but rather as an inspection of 
the accuracy of curve fit. Since we assume the two points which give the 
parameter values, actually lie on the curve, it does not produce the best 
absolute values of the parameters. It will however be conceded that 
since the final parameter values are chosen from nearly 200 combinations 
of points, all cf which are extremely close to the final theoretical curve, 
the error from the absolute values must be extremely small. It is also 
encouraging to see that where direct comparison is possible the range of 
values of maximum frequency obtained from the histogram agrees with that 
obtained by the inspection of least squares modification.
In all curve-fitting work the computer used was a Ferranti Sirius 
digital computer, and the programmes were written in autocode.
points which and produced the corresponding parameter
values. It will be noted that this operation does not use^e as a
•Ifeif"
S E C T I O N  7
APPENDIX 2
IODIC ACID STUDIES
SUMMARY I
I
Iodic acid was originally chosen because it was believed to exhibit'
!
a simple condensation reaction, and would provide a good model system, |
I
However, it became apparent in preliminary ion-exchange experiments that 1
;
this condensation probably did not occur, and, accordingly, spectrophoto- j 
metric, conductimetric, pH end. further ion-exchange studies were carried I 
out on aqueous solutions of iodic acid. These experiments indicate that | 
over the range 0.015 *” 0,1M, no polymerisation was found to occur. j
In 1874 Thomsen [58] proposed that iodic acid was both polymerised j 
and dibasic in solutions of unspecified concentration. Other early !
workers [59]3 studying solutions of iodic acid in concentrations exceedingj 
0.1M, found evidence of polymerisation. However, it appeared that in morel 
dilute solutions, iodic acid was monobasic [60], Nayur and G-airola [6l] j 
concluded that iodic acid polymerised in aqueous solution and that the j
degree of polymerisation depends on concentration. In dilute solutions, ]
I
0.1M, the acid is monobasic and monomeric. They stated that there was no !
2 ^  I
evidence for the existence of a divalent ion * Dhar and Mittra [62]
1
concluded,from studying the coagulating power of iodic acid and potassium j
1
iodate v/ith sols of various hydroxides, that aqueous iodic acid and the ;
2— I
iodates were partially polymerised and postulated the :’‘cn accoUI1^|
for their results. Raman spectra experiments [63] of dij.ute solutions j 
(i.e. below 0.1M) have indicated that only undissociated iodic acid and its!
ion 10^ exist. Later- work by Nayar and co-workers [ 6lf] and also by Saraf 
and co—workers [65] suggestedthat polymerisation extends down to a concentra­
tion as low as 0.04M. Methods included studies of the pavuchor, rheochor, 
pH, ultrasonic velocity, molecular refraction, surface tension, viscosity and 
density of iodic acid solutions* They found inflections at concentrations 
between 0„08M and 0C1M and again at 0.04Mo, These were interpreted 011 the 
basis of the following equilibrium :~
0*0201 /  0.08-0.1M ^ 0  - ii - 0 - I02
HI0 — H - 0 - I — H- 0- I
' "0 - H - 0 - I02 v 0 - H - 0 - 10
As confirmation, they cited the fact that only monosubstituted salts of the
condensed acids have been isolated, viz. NaHI^O, and NH. Hr T..0_# From this
' 2 6 4 2 j 9
it could be inferred that the acid, regardless of its state of condensation, 
•would necessarily be monobasic, and yet Raman spectra studies [70] of very 
concentrated solutions are not incompatible with the existence of a divalent 
ion.
With regard to the situation in the crystalline state, it appears to 
be conclusive that hydrogen bonding occurs* Various studies by other 
workers [71]* including neutron diffraction, X-ray, infra red, and Raman 
spectra, all support this conclusion.
It seems to be indisputable that polymerised species occur both in 
the crystalline state and in very concentrated solutions. In the crystal­
line state, the linkage involved is hydrogen bonding, which probably also
accounts for the interaction v/hich occurs in concentrated solutions. How­
ever, there is conflicting evidence as to what happens at concentrations 
below 0.1M. 1'he papers by Nayar ct al.[64] and Saraf et ol. [65] suggest 
some rather startling discontinuities in the physical properties examined.
7; 2 Exp eriment al
Solutions of all materials used throughout were made up using ana­
lytical grade materials in conductivity water.
7»2il Spectrophotometric Studies
The absorption spectra were examined for solutions of iodic acid and 
various iodates up to 0.055M in the range 2300A - 10,000a using ’Unlearn*
SoP- 500 spectrophotometer with 1 cm. silica cells. Iodaie ion has an 
absorption in the quartz - U.V. region, the value of the extinction co­
efficient rising from 1 at 29Q0A to 1000 at 2300A. The present work 
accords with that of Awtrey and Cannick[67] in that no maximum has been 
observed. The results are given in Table 27»
7 s2;2 pH Studie s
Measurements were made using a Cambridge pH meter with a glass/ 
saturated calomel electrode system. A known concentrated solution of iodic 
acid or potassium bi-icdate was titrated with water and its pH measured at 
different stages of dilution. The effect of different temperatures was 
investigated, namely 0°C, 23°C and 55°C. Care was taken to allow the 
solution time to attain the required temperature. No significant variation
-Ib8~
of pH could be detected in such solutions, in periods ranging up to seven 
days at 25°C. Measurements of pH were also carried out in 3®fo v/v 
dicxan-water mixture. The aqueous dioxan was used both as the initial 
solvent and also as the diluent. The dioxan was purified according to the 
method of Vogel [66], The results are given in Tables 23 - 30* The 
tpHt measurements in dioxan are relative and not absolute values.
7 i 2 i 3  ConAuctimetrio Measurements
These were carried out with solutions at 25°C using a shielded cell 
and a Mullard Ohmeter. A solution of the acid was titrated with a solution 
of its potassium salt of the same molarity. All resistance measurements 
were made with an uncalibrated meter and the values are relative ones only. 
The results are given in Table 3 1«
Both batch and column techniques were applied in exactly the same 
way as described in Section 3^2. Iodate was determined by titrating with
potassium iodide in the presence of hydrochloric acid. Chloride was de­
termined by reducing iodate to iodide using sulphur dioxide. The total 
halide was determined gravimetrically as silver halide, chloride being 
determined by difference.
7;5 Results and Discussion
Where no chemical reaction takes place the absorption of light at 
a particular wavelength is a function of concentration (Lambert-Beer Law).
It is a limiting law, and its upper limit of validity is usually taken to
-169-
to be of the order of 0.01M, If a polymerisation or condensation was 
occurring, a deviation from the linear relationship would be expected.
Fig*40 shows that iodic acid in the range 0.015 ~ 0.055M gives the linear 
relationship expected where no chemical reaction is occurring, even though 
it covers the first of the two concentration regions at v/hich polymerisation 
is supposed to occur. Higher concentrations were not examined by this 
method due to the limiting nature of the law. Solutions of potassium 
bi-iodate behaved similarly (Fig.hi). Further information is provided 
in that solutions known not to be polymeric (etg. NalO^ and KI0.?) had .. 
identical absorption spectra to solutions of HIO^ and of the same
iodine concentration (Fig.42). Thus the iodate ion 10^ must be present 
in all four solutions in the same concentration. Any information of a 
polymerised or condensed species in one or more of these solutions would 
have given a different absorption spectrum for that solution.
These results were in direct conflict with the conclusions of 
Nayer and Saraf [64, 65]# Saraf and Vaish [65] reported that when the 
concentration of iodic acid decreased from 0.05M to 0.04M, the pH decreased 
from 2.6 to 1.4 (see Fig.45)9 but did not quote the temperatures at which 
the measurements were made. Present work (Fig*44) indicates that the 
variation of pH with concentration was that of a smooth curve at each of 
the three different temperatures studied, over the range 0.2M - 0,Q3M. It 
was considered possible that a slow polymerisation could occur, tut the 
absence of any change in pH over seven days for solutions at concentrations
-170-
of 0.15M and 0.05M, show that it does not (Table 3Ca)0
In order to establish whether any small amount of condensation was 
taking place, fpH* measurements were made with dioxan-water mixtures. It 
would be expected that any polymerisation would be enhanced by the decrease 
in dielectric constant, but again a smooth curve relationship was obtained 
(Fig.45). Thus, over the range examined, the relation of pH to concentra­
tion is as would be expected of a monobasic acid. The pH of solutions 
of potassium bi-iodate were also studied and a comparison of solutions of 
KHIo0^ and HIO, of the same hydrogen content shows that the pH of the
2 b j
bi-iodate solutions are slightly higher than the free acid (Fig.46). This 
small increase can be accounted for by the common ion effect, the iodate 
from the potassium iodate suppressing the ionisation of the moderately 
strong iodic acid.
In the eonductimetric work, the formation of a dimeric species would 
decrease the effective mobility of the iodate ions. Thus, in titrating the 
acid with its salt, a decrease in equivalent conductivity would be expected 
at the onset of a reaction of the type
K+ I0^~ + HIO^ K+ + HIgOg"
Fig.47 shows that a linear relationship was found. In addition, the 
equivalent conductivities of solutions of KHI^O^ of the same iodine con­
centration as a 1 : 1 mixture of iodic acid and potassium iodate, were 
identical.
In considering the results of ion-exchange work it can be seen from
-171-
Table 32 that no consistent changes in the R value could be detected. For
the range of concentrations studied, R was close to unity throughout.
— 2—
Thus the sorbed ion is 10^ , ^2^6 9 etc. Where the water regain is such
that the larger species cannot enter the resin matrix [i.e, ref.10], de­
polymerisation can occur, a point that has been used to advantage in 
previous work [ 68]. The use of resins with a sufficiently high water 
regain, as were used in previous studies and in the present work, should 
avoid this possibility. In order to establish whether hydrogen-bonded 
species were in fact being broken doYrn, a resin of high water regain (20.7) 
was also used. Table 32 shews that the R values obtained with this resin 
were slightly above unity. This could be due to one of two effects:
(l) that a small proportion of the hydrogen-bonded species along with the 
10^ is being sorbed by the resin, or (2) that undissociated iodic acid was 
being sorbed on the resin. The second phenomenon is well known [69], and 
would obviously be important in a very open resin which is only nominally 
flashed. This it appears that the species present contains only one charge 
per iodine atom over the range 0.03 - 0.19M. Similarly, the R values of 
solutions of potassium bi-iodate yielded values close to unity over the 
whole range of concentration studied (see Table 32),
It is apparent from these studies and also the ion exchange work, 
that potassium bi-iodate is probably a compound Yrhich exists only in the 
solid state, being formed from solutions of iodic acid and potassium iodate
-172-
due to favourable lattice energy considerations. In support of this is 
the fact that the solubility of potassium bi-iodate (ca. 40 g./lOOO g.) 
is appreciably less than either the acid itself or the potassium iodate 
(8 1 ,3  g./lOOO g . ) .
The present studi.es, contrary to Nayar and co-workers, provide no 
evidence of polymerisation or condensation of iodic acid solutions below 
0.1M, although in more concentrated solutions or in the solid, polymerisa­
tion seems well established.
FI
G
UR
E 
4
0
O
P
T
I
C
A
L
 
D
E
N
S
I
T
Y
 
L
A
M
B
E
R
T
-
B
E
E
R
 
L
A
W
 
P
L
O
T
 
F
O
R
 
I
O
D
I
C
 
A
C
I
D
.
-173a-
oo
§
£
s
I
o
o
o
•M
O
<\i
k
/0
F
I
G
U
R
E
 
4
/
O
P
T
I
C
A
L
 
D
E
N
S
I
T
Y
 
L
A
M
B
E
R
T
-
 
P
E
E
R
 
L
A
W
 
P
L
O
T
 
FO
R 
P
O
T
A
S
S
I
U
M
 
Bh
 
I
O
D
A
T
E
-173b-
oo
|
K
T
S
so
oo
o
o
v>
o
o
rsi
-174-
O P  TICAL D E N S I T Y
A B S O R P T t O N  C U R V E S  O F  H / 0 ? ,K / 0 ^ . N g / O j * K H l ^  
A T A C O N C E N T R A T I O N  O F  0 . 0  5 G. / O N  to j iL.
0.4
W A V E L E N G T H  I” ,282274266
-175-
o *>
0.
2 
O.
J 
C
O
N
C
E
N
T
R
A
T
t
O
N
i
N

-177-
o
cP
3>
O
K
£
B
§
o
—. 
o
POO 
ZO
'O
-178-
F / G U R E  4 6  
C O M  P A R  I S O N  O F  pjH V A R I A T I O N  W I T H  F O R  
IODIC A C I D  A N D  P O T A S S I U M  B h t O D A T E
1.7
\6
f .S
0 . 0 4  CONCENTRATION (m )0 .0 30.02
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F t G U R E  4 7
C O N D U C T IV IT Y  MEASUREMENTS OF IODIC AC Io j PO TASSIUM  
10DATE MIXTURES
O W O j A /0J  M IXTU R ES
3
EQUIVALENT
CONDUCTANCE
300
2 S 0
200
ISO
100
0.80.60.40.2
MOLE FRACTIO N
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TABLE 25
Variation of absorption with concentration of 
at wavelengths of 265aH and 275m|i
D265m(i D275m(ji
Concentration
(Molar)
0,125 0.052 0.00501
0.172 0.048 0.00401
0.215 0.060 0.00505
0.421 0.110 0.01000
0.642 0.175 0.01505
0.861 0.250 0,02009
1.071 0.285 0.02518
1.275 0.556 0.05010
1.498 0,598 0.05509
1.705 0.451 0.04018
1 *950 0.512 0.04485
2.171 0-569 0.05057
2.400 0.641 0.05582
TABLE 26
Variation in absorption Kith concentration of 
KH(lO„)^ at wavelengths of P270mu ^275^ an& D280mu
D270m|J -D275mfi D280mfi
Concentration 1 
(Molar)
0.192 0.096 0.045
IV ■ 1 ■ 1 1 ,1 qjf
0,00772
0,566 0.182 0.089 0.01545
0,596 0,294 0.159 0.02517
0.778 0.592 0.186 0.05090
0.99 0.497 0.251 0.05862
1 .25 0.595 0.2.84 0.04655
1.571 0.691 0.527 0,05407
1.58 0.790 0.572 0.06180
1.70 0.897 0.420 0.06952
2.08 0.99 0,470 0,07725 :
N 1,098 0.514 0.08497
(00)
.. ..- ..
1.25 0.545 0.09270 <
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TABLE 27
Comparison of absorption spectra for HIP . KIO„. NaI0„ 
and KH(lO^)^ solutions of the same iodine content
Concentration
HIO3 KIO3 NaI05 kh(io5)2
0.0496 0.0500 0.0500 0.0464
Wavelength 
(m|i )
Optical
Density
Optical
Density
Optical
Density
Optical
Density
268 1.820 1.50 1.62 1.56
270 1.133 1.140 1.20 1.23
272 0.870 0.870 0.86 0.863
274 0.686 0.655 0.69 0.710
276 0.504 0.492 0,491 0.494
278 0.382 0.362 0.374 0.367
280 0.293 0,266 0.283 0.284
282 0.221 0,196 0.197 0.196
284 0.165 0.141 0.150 0.140
286 0.121 0.103 0.113 0.110
290 0.060 0.055 0.057 0,056
300 0.021 0.015 0.018 0.017
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T.AJBLE,28
Variation of ~pH of Iodic acid solutions with concentration
At 25°C.
pH Cone,(m ) pH Cone,(M) pH Cone.(m )
0.969 0.2261 1 ,225 0.1044 1.420 0,0620
0.999 0.2056 1.235 0.1009 1.440 0.0593
1.052 0.1760 1.240 0.0987 1.470 0.0559
1.074 0.1618 1,260 0.0946 1.486 0.0530
1.100 0.1486 1.276 0.0902 1.510 0.0500
1.115 0.1422 1.295 0,0860 1.534 0.0471
1.139 0.1350 1.311 0,0822 1.550 0.0443
1.152 0.1286 1.330 0.0784 1.573 0.0418
1,170 0.1222 1.350 0.0752 1.600 0.0394
1 .192 0.1148 1.374 0.0710 1.617 0.0380 '
1.195 0.1126 1.395 0.0673 1.660 0.0380
: 1.210 0.1086 1 ,410 0.0646 -
........ .... ........
At 55°C.
pH Cone.(m ) pH ' Cone.(m ) PH Conc.(M)
0.972 0.1205 1.095 0.0718 1 .226 0.0480
0.978 0.1125 1 .110 0,0692 1 .230 0.0469
0.980 0.1072 1.110 0.0684 1.239 0.0461
1,000 0.1032 1.110 0.0675 1.242 0.0456
1.020 0.0980 1.125 0.0652 1.242 0.0450
1.012 0.0963 1.140 0.0624 1.242 0.0442
1.020 0,0944 1.152 0.0606 1.248 0.0436
1.030 0.0908 1.160 0.0590 1.248 0.0425
1.045 0,0870 1.170 0.0574 1.275 0.0415
1.055 0.0844 1*182 0.0556 1.281 0.0406
1,058 0,0829 1.190 0,0542 1.298 0.0394
1.064 0,0810 1.198 0.0528 1.315 0.0377
1.070 0.0788 1.200 0.0516 1.345 0.0350
1.084 0.0756 1 .210 0.0502 1.370 0.0326
1.090 0,0734 1.220 0.0490 1.428 0.0265
At 0°C.
pH Cone.(m ) pH Cone,(m ) pH Cone,(m )
...
1 .218 
1.220 
1 .230 
1,242 
1 ,260 
1 .268 
1.278 
1 .291 
1 .322 
1.330
0.1532
0,1475
0.1374
0.1290
0.1245
0.1182
0.1154
0.1075
0.0985
0.0944
1.330 
1.340 
1.350 
1 *360 
1.370 
1.380 
1.390 
1.402 
1,428 
1,460
0.0925
0.0896
0.0860
0.0825
0.0785
0.0754
0.0713
0,0676
0.0637
0.0614
1.473 
1.490 
1.505 
10 5 30 
1 .546 
1.562 
1.588 
1.610 
1.652
! 0.0576 
0,0540 
0.0512 
0.0478 
0.0452 
0.0437 
0.0392 
0.0356 
0.0325
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TABLE 29
Variation of t-pH* of iodic acid solutions with concentration 
the solvent containing 3C$ v/v dioxan (at 25°Ce)
lpH* Conc.(M) ’pH’ Cono.(m ) ,pHt Cone.(m )
1.16 0.2118 1.31 0.0920 1.45 0.0564
1.18 0.1884 1.32 0.0865 1.46 0.0536
1.204 0.1675 1.33 0.0814 1.48 0.0513
1.22 0.1504 1.346 0,0770 1.49 0.0484
1.25 0.1388 1.365 0.0735 1.52 0.0455
1.24 0.1306 1.375 0.0713 1.566 0.0425
1.26 0.1202 1.37 0.0686 1.595 0.C398
1.273 0.1139 1.38 0.0670 1.62 0.0370
1.283 0.1081 1.405 O.O646 1.644 0.0353
1 .29 0.1032 ; 1.43 0.0605 1.69 0.0312
1.30 0.0976 1.445
L , ___
0.0572 - -
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TABLE 50(a)
Variation of pH of Iodic acid solutions with time (at 25°C.) 
Concentration 0.05M in IO3 Concentration 0.15M in IO3
pH Time(Hours)
1.47 0.167
1.44 0.58
1.47 2.50
1.465 21.0
1 .468 22.0
1 .48 27.0
1.45 44.0
1.455 47.0
1.472 141.0
1.47 200.0
1.47 300.0
pH Time(Hours)
1 .10 0.25
1.076 1.5
1.107 4.5
1.06 6.1
1.09 20.5
1.08 21.5
1,06 27.5
1.06 44.7
1.06 46.2 1
1.07 200.0
1.08 300.0
TABLE 50(b)
Comparison of -pH variation with concentration for HI0„ and KH(lQ^ )^ . 
HIO3 101(103)2
pH Time(Hours)
1.530 
1.560 
1.593 
1.620 
1.660 
1.700 
1,740 
1.790
0.0500
0.0462
0,0421
0.0394
0,0359
0.0329
0.0294
0.0250
pH Time(Hours)
1.486 
1.510 
1.534 
1.550 
1.573 
1.600 
1.617 
1.660
0.0530
0.0500
0.0471
0.0443
0,0418
0.0394
0.0380
0.0341
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TABLE 51(a)
Conductivity measurements of Iodic acid/Potassium iodate mixtures
Concentration 0.05M
Mole fraction of HIO3 Resistance (Ohms) Eqt, conductance
1.000 30.2 292.8
0*804 34.8 254.0
0,646 39,0 226.6
0.578 41.8 211.4
0.458 46.8 188.8
0*415 49.4 178.0
0.357 52.2 169.3
0.209 64.0 138.1
0.000 91.0 97.1
Concentration 0.1M
Mole fraction of HIO3 Resistance (Ohms) Eqt. conductance
1.000 17.5 252.6
0.808 20*0 221 .0
0.694 22.8 194.0
0.598 23.8 186.0
0.500 26.0 170,0
0.441 27.8 159.0
0.379 29.2 151.3
0.332 31.1 142.0
0.246 34.0 130,0
0.146 38.7 114.0
0,000 48.7 90,7
TABLE 51(b)
Condiictivities of Potassium M-iodate solutions
Concentration of IO3 Resistance (Ohms) Eqt, conductance
0.100 26* 0 169.9
0„050 44 0 5 198.5
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TABLE 32
Ion-exchange experiments: Determination of R values
using anion exchanger (Cl form) and iodate solutions.
Initial cone* in g, atoms 
10^/litre. R val'
0,139 0.97
0.177 0.98
0.164 0.97
0.184 0.96
0.184 0.98
0.189 1.13
0.187 1.12
0.184 1.15
0.035 0.99
0.050 0.99
0.075 0.97
0.107 0.98
0.139 0.99
0e 164 0.97
0.177 0.97
0.184 0.97
0.032 1.00
0.041 0.99
0.050 0.99
0.058 0.97
0.070 0.95
0.080 1,02
0.093 0.99
0.100 1.03
0.110 0.98
a) = Batch experiment with strong base resin No. 9. (W.R. = 2.13)
Initial solution contained Iodic acid.
b) = Column experiment with strong base resin No. 9. (W.R. = 2.13)
Initial solution contained iodic acid,
c) = Column experiment with strong base resin No. 12. (W.R. = 20.7)
Initial solution contained iodic acid,
d) = Column experiment with strong base resin No. 9. (W.R. = 2.13)
Initial solution contained iodic acid.
e) = Column experiment with De-acidite FP (strong base resin) W.R. =1 -1.5.
capacity 2.99 meq./g. Initial solution contained potassium 
bi-iodate.
S E C T I O N  8
APPENDIX 3
R VALUE THEORY FOR TRIBASIC ACID SYSTEMS
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Tribasic R value theory
Consider the three equilibria:—
Ki
h 3a ^ = 1 ^
H2A" ^ 3 - *  - 2- ' "+
0 Kr
HA --------- * 2- TT+
If T is the total concentration of A, -
[Hji] + [H2A-] + [HA2-] + [A5-] = T. (8:1:1)
[H+]f 2 [H+][HA2-]f [H+][A3_]f f
Now K =  1 j K = ------------ ^ ; K_ =  5-----
[h 3a ] 2 [ii2a-] 3 [HA ]f2
r+*
h2a + H
_ 2-
HA + H
a5“ + H'
[H+][H A“]f
• • H 3A -  £  (8:1:2)
„ [h a”]e
and HA =---— '---- (8:1:3)
[H+]f2
, [h a~]k K f
and A = ----s---- 2—  (8:1:4)
[h+] f,f3
Substituting equns. 8:1:2, 3 and 4 in eqn. 8:1:1, we have:- 
[h+ H ^ A -] ^ 2 [H2A-] [H2A"]K2 [H2A~]K2K3f2
K, [H+]f2 [H+]2 f1f?
*. [H2A ] - f  [H+]fi2 + ! + k2 + IC2E3f2 1 (8:1:5)
{  ^  [H: ]f2 [H+]2f1f3 ]
If it assumed that the species present are sorbed by the exchanger 
the same proportions as those in which they occur in solution, then,
-190-
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